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ABSTRACT

The GHARR-1 is in the final stages of converting its HEU (90.2 %) fuel to LEU (13 %)

fuel. Due to the differences if the LEU core design as compared to that of the HEU;

fuel density, dummy arrnagement, number of fuel elements, this study was carried out

characterize the neutron spectrum at the irradiation sites of GHARR-1 to ascertain the

impact of the conversion on the neutron spectrum. This was done theoretically using the

MCNP5 code. The neutron spectrum parameters (α and f ), neutron fluxes and their axial

variation were determined. Average results of α for the LEU (inner sites, -0.096; outer sites,

-0.031) as compared to the HEU (inner sites, -0.103; outer sites, -0.034) indicate a further

deviation from the ideal 1/E epithermal spectrum distribution for the HEU as compared to

the LEU. Results of f for the HEU (inner sites, 18.76; outer sites, 48.75) and LEU (inner

sites, 17.77; outer sites, 45.08) indicate some levels of neutron flux trade off in the LEU

as compared to the HEU. This is attributed to the increased inventory of 238U in the LEU

as compared to the HEU. The neutron flux distribution showed high levels of uniformity

at the irradiation sites (2 % to 10 % variation), with the thermal neutron flux showing the

highest level of uniformity. The flux distribution for GHARR-1 with HEU and LEU both

followed similar patterns.
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CHAPTER 1

INTRODUCTION

1.1 Background

Several national and international bodies have taken measures since 1978 to address the

issue of nuclear proliferation of civil research and test reactors. The United States (US)

Department of Energy (DoE) via its Reduced Enrichment for Research and Test Reactors

(RERTR) programme has for almost 40 years worked to develop the technology needed to

facilitate the conversion of civilian facilities using high enriched uranium (HEU) fuel to low

enriched uranium (LEU) fuel (Adelfang & Atger, 2006). Preference is given to LEU fuels

because it is less prone to proliferation as compared to HEU fuels. In 2004, the US secretary

of Energy established the Global Threat Reduction Initiative (GTRI) to complement the

RERTR. The main aim of the GTRI was to minimize the availablilty of nuclear weapon

grade materials by securing, removing, relocating and disposing of relevant material and

equipments (Adelfang & Atger, 2006). The International Atomic Energy Agency (IAEA)

has setup several projects to support the RERTR and GTRI programmes. These projects

focus on LEU fuel technology development, repatriation of fresh and irradiated HEU fuel

and HEU to LEU conversion. Countries operating Miniature Neutron Source Reactors

(MNSRs) known as the MNSR community in May 2005 expressed their desire to convert

from HEU to LEU fuels. With regards to this consensus, an IAEA Coordinated Research

Project (CRP) and subsequently an MNSR working group was establised to coordinate

the activities to help convert MNSRs from HEU to LEU fuels (“CRP on conversion of

Miniature Neutron Source Research Reactors (MNSR) to Low Enriched Uranium (LEU)”,

2014). The US Argonne National Laboratory (ANL) took part in the CRP and offered

support to the generic analysis of the conversion of MNSRs. As part of efforts to aid the

conversion of MNSRs an agreement was reached between the ANL and China Institute
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of Atomic Energy (CIAE) in september 2010 for the establishment of a zero power test

facility in Beijing, China (“Argonne, China sign agreement to develop Zero Power Test

Facility”, 2010). The facility is to help determine the final loading of LEU fuel cores for the

various MNSR facilities. In relation to the conversion of MNSRs, the Ghana MNSR, Ghana

Research Reactor-1 (GHARR-1) has gone through several satges of its core conversion

programme and is near completion. This programme was championed by the United States

(US) Department of Energy, through its office of Material Management and Minimization

(M3). The M3 was set up in the year 2015 to replace the Global Threat Reduction Initiative

(GTRI) programme (Phillips et al., 2016). Several preliminary studies were carried out to

ensure minimal change in the lifetime and performance of GHARR-1 as well as its safety

features after the HEU core is replaced with the LEU core (Odoi et al., 2012). In order to

determine the critical mass, control rod worth, top beryllium reflector worth, the neutron

flux distribution and final loading of fuel elements, several experiments were carried out

in the Zero Power Test (ZPT) facility for the Ghana MNSR at the Chinese facility. From

the results of the experiment it was established that the Ghana MNSR is to contain 334

fuel elements with 16 dummy elements. The fuel elements comprise UO2 fuel meat and

zircaloy as cladding.
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Figure 1.1: Fuel loading for the Zero Power Test at CIAE
(“Report on Zero Power Test”, 2016)

Figure 1.1 shows the core loading of the Ghana MNSR per the Zero Power Test experiment.

The enrichment of the new GHARR-1 fuel has been reduced from 90.2 % to approximately

13 %.

The safe and effective utilization of a research reactor such as GHARR-1 is dependent

on the knowledge of the behaviour of neutrons within the reactor. Acquiring information

about the behaviour of neutrons within a specific volume is termed as characterization of

the neutron spectra within that volume. When it comes to the utilization of the Ghana

MNSR, the volumes of interest are the ten irradiation channels or sites it is equipped with.

These irradiation channels are used for neutron activation analysis (NAA) experiments. It is

expected as in many other research reactors, that the characteristics of the neutron spectrum

at various irradiation sites differ from one another.
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1.2 Problem Statement

Several studies have been conducted on the GHARR-1 HEU core to characterize the

irradiation sites. Even though these studies were very useful, they are no longer valid

due to the change in the reactor’s core configuration and fuel type. Thus, there is a need for

a study to be carried out to characterize the neutron spectra at the various irradiation sites

of the new LEU core so as to acquire data which is a true representation of the current state

of GHARR-1.

1.3 Objectives

The main objective of this study is to theoretically characterize the neutron spectra at the

various irradiation sites of the current LEU core of GHARR-1 using the Monte Carlo

method. In order achieve this objective, the following tasks will be carried out:

• Simulate and determine the neutron spectrum parameters (thermal, epithermal and

fast neutron fluxes, thermal to epithermal flux ratio and epithermal neutron spectrum

shaping factor) using Monte Carlo N-Particle (MCNP) code.

• Determine the neutron flux distribution within the volume of the irradiation site.

• Determine how theoretical results of the LEU comapre to that of the HEU (from

previous studies, both theoretical and experimental).

1.4 Relevance and Justification

Studies carried out prior to the conversion of the GHARR-1 from an HEU fuel to LEU

fuel reactor indicated that the LEU core will have similar neutronics, safety and thermal

hydraulics characteristics as compared to the HEU core. There are however some physical

differences, namely, fuel meat density, dummy pin arrangement and number of fuel pins
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in the LEU core design as compare to the HEU core. These changes may have a effect on

the neutron spectrum characteristics. Knowledge of these characteristics from the on set

(fresh fuel characteristics) helps establish baseline data to be used as reference for future

characterization works. Also some of these parameters (thermal-to-epithermal neutron flux

ratio, epithermal neutron spectrum shaping factor and flux distribution) are important in

applying the Ko method for neutron activation analysis.

1.5 Scope

The GHARR-1 MCNP model used for this study was modified based on the results of the

zero power experiment carried out in Beijing by the CIAE as well as on site measurements

of some components. Data for the determination of the neutron spectrum parameters as

well as the reaction rate and cadmium ratio of foils were gathered within the volume of the

rabbit capsules at the various irradiation sites.

1.6 Overview of Study

Chapter 1: Introduction - Highlights on the background, motivation, relevance and scope

of the work.

Chapter 2: Literature Review - This chapter highlights the theories behind neutron

interaction and cross sections. The Chapter again focuses on the neutron energy spectrum

and neutron spectrum parameter characterization. Monte Carlo methods and the theory for

the MCNP code are described in this chapter. It also provides a description of GHARR-1

and its irradiation facility. The chapter reviews the development of MNCP models of the

GHARR-1 and irradiation facility characterization studies carried out in previous years.

Finally, the effect of HEU to LEU core conversion on irradiation sites of other research

reactors have been elaborated in this chapter.

Chapter 3: Materials and Methods - A description of the materials, tools and methodology
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used for the characterization of the neutron spectra at the various irradiation sites.

Chapter 4: Results and Discussion - A discussion of the results obtained from the study,

with a comparison of neutron fluxes, flux distribution and neutron spectrum parameters

between the LEU and HEU cores.

Chapter 5: Conclusions and Recommendations - Concluding remarks about the study and

recommendations for improvements.
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CHAPTER 2

LITERATURE REVIEW

In this chapter neutron interactions and neutron energy spectrum are discussed. The theory

behind Monte Carlo methods as employed in the MCNP code and that of neutron spectrum

parameter characterization are also discussed. This chapter also gives a description of

GHARR-1 together with its history and the development of the GHARR-1 MCNP model. It

provides a summary of literature available on neutron spectrum characterization using both

Monte Carlo and experimental methods at GHARR-1. Additionally, the effect on neutron

spectrum parameters as a result of HEU to LEU conversion of some research reactors is

discussed.

2.1 Theory

2.1.1 Neutron Interactions

Throughout the lifetime of a neutron in a nuclear reactor, it undergoes several interactions

with its surrounding material (target nuclei) . The neutron’s lifetime comes to an end after

it has been either absorbed by a target nucleus. The probability that a particular interaction

will take place is termed as the cross section of that interaction. In neutron transport, there

are two main types of interactions, absorption and scattering. Both of these interactions

have their respective absorption and scattering cross sections. The sum of these two cross

sections is termed as the total cross section as shown in equation (2.1).

σT = σa +σs (2.1)

σT is the total cross section, σa is the absorption cross section and σs is the scattering

cross section. Scattering cross section can be further categorized into elastic and inelastic
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scattering cross section. In elastic scattering interactions, both the momentum and energy

of the neutron are conserved. With inelastic interactions however, both energy and

momentum are not conserved. The neutron upon scattering with a target nucleus loses

energy to it leaving the nucleus in an excited state. The excess energy absorbed by the

excited target nucleus is emitted as radiation (alpha, beta or gamma) in a bid to return to its

ground state. Mathematically, scattering cross section is illustrated in equation (2.2).

σs = σe +σi (2.2)

σe is the elastic scattering cross section and σi is the inelastic scattering cross section.

Similarly, absorption cross section is categorized into fission and capture cross sections

with respect to the fission and neutron capture processes. When a neutron is absorbed by

a nucleus a compound nucleus is formed. This compound nucleus may undergo fission,

splitting into two parts and releasing alongside energy two or more neutrons. In the case

of neutron capture, the compound nucleus de-excites to its ground state emitting prompt

gamma rays. The de-excited nucleus may be radioactive at its ground state and decays

emitting delayed gamma energy. The emission of prompt and delayed gamma energy by

a compound nucleus (n,γ) reactions forms the basis of neutron activation analysis (NAA).

The cross section for an (n,γ) reaction primarily depends on the energy (velocity) of incident

neutron. Generally cross section is inversely proportional to neutron energy.

2.1.2 Neutron Energy Spectrum

In research reactors, neutrons have an energy distribution (neutron energy spectrum) as

shown in Figure 2.1.
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Figure 2.1: Neutron energy spectrum
(Hamidatou, Slamene, Akhal, & Zouranen, 2013)

As seen in Figure 2.1, the energy distribution consists of three regions, thermal, epithermal

and fast energy regions. Neutrons are generally born in the fast energy region after a fission

process. As they interact with surrounding materials (moderator, fuel clad, coolant and so

on) they rapidly lose energy transitioning into the epithermal energy region then finally the

thermal region or directly to the thermal region.

2.1.2.1 Fast Neutron

Fast neutrons have energies ranging between 0.1 MeV and 20 MeV with 0.75 MeV being

their most probable energy. Generally these fast neutrons form about five percent (5 %)

of the total neutron population at irradiation sites (Glascock, 2015). Due to their high

energies they hardly contribute to (n,γ) reactions. The fast energy spectrum as illustrated
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in Figure 2.1 is approximated by the Watt fission spectrum equation displayed in equation

(2.3), where E is the neutron energy.

χ(E) = 0.453e−(1.036) sinh(2.29E)1/2 (2.3)

2.1.2.2 Epithermal Neutrons

The epithermal neutron energy range (0.55 eV to 0.1 MeV) is directly beneath that of the

fast neutrons. Depending on the material they interact with, they are either absorbed or

further lose energy via scattering processes. Epithermal neutrons account approximately

two percent (2 %) of the total neutron population at irradiation sites. Ideally, the epithermal

neutron energy distribution is inversely proportional to the neutron energy as illustrated in

Figure 2.1.

2.1.2.3 Thermal Neutrons

Right below the lower limit of the epithermal energy range is the thermal neutron energy

range (< 0.55 eV). Thermal neutrons are neutrons which are in thermal equilibrium with its

surroundings (moderator). The energy distribution of thermal neutrons is best described by

the Maxwellian distribution. Equation (2.4) below describes the Maxwellian distribution.

f (E) =
2π
√

Ee−(E/kT)

(πkT )3/2
(2.4)

k is Boltzmanns constant and T is the temperature of the medium in Kelvin. GHARR-1

operates at room temperature (20 oC). At this temperature, the most probable energy of

neutrons in the thermal energy range is 0.0253 eV (Moteff et al., 1970).
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2.1.3 (n,γ) Reactions

When a nuclide is bombarded with neutrons, the (n,γ) reaction rate, R (measured in per

second, s−1) per nuclide is given by equation (2.5).

R =
∫

∞

0
σ(v)ϕ′(v)dv =

∫
∞

0
σ(E)ϕ′(E)dE (2.5)

E is the energy of the neutron and v is its velocity. E and v can be used interchangeably since

E is directly proportional to v (E = 1/2mnv2, mn is the mass of a neutron). σ(v) and σ(E)

are the neutron cross sections with respect to velocity, v and energy, E. ϕ′(v) and ϕ′(E)

are neutron flux per unit velocity interval at velocity, v and per unit energy at energy, E

respectively. A number of formalisms or conventions based on some neutron characteristics

(neutron cross section and energy distribution) have been adopted in determining R in

equation (2.5) instead of solving the integral (Frans De Corte, 1987). For this study the

Hogdahl convention will be used.

2.1.3.1 Hogdahl Convention

The rate of (n,γ) reactions of a nuclide reduces enormously when irradiated under a

cadmium (Cd) cover. This is due to cadmium’s high cross section for neutrons in the

thermal energy region. As shown in Figure 2.2, this is largely due to the resonance at 0.178

eV of 113Cd (Frans De Corte, 1987).
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Figure 2.2: Cross section curve of cadmium
(Frans De Corte, 1987)

For a nuclide irradiated in a stable neutron flux under cadmium cover, all neutrons with

energies below the cadmium cut off energy (ECd = 0.55 eV ) are absorbed. This value of

ECd is only valid on the conditions that, nuclide of flux monitor is place approximately at

the centre of a 1 mm thick cylindrical cadmium cover with a height to diameter ratio of 2

and its neutron cross section is inversely proportional to the neutron velocity up to neutron

energy of approximately 1.5 eV (σ(v)∼ 1.5 eV) (Frans De Corte, 1987).

The Hogdahl convention makes use of the ECd concept. Applying this to equation (2.5),

the right hand side (R.H.S) can be split into two parts as shown in equation (2.6).

R =
∫ vCd

0
σ(v)ϕ′(v)dv+

∫
∞

ECd

σ(E)ϕ′(E)dE (2.6)
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Considering the first term on the R.H.S of equation (2.6),

σ(v) =
σ0v0

v
(2.7)

Equation (2.7) is true for nuclides with σ(v)∼ 1/v up to vCd (Frans De Corte, 1987). σ0 is

termed as the cross section at thermal neutron velocity (v0 = 2200ms−1). Also,

ϕ
′(v)dv = n′(v)dv (2.8)

n′(v) is the number of neutrons with velocity v.

∫ vCd

0
n′(v)dv = nth (2.9)

Putting equations (2.7), (2.8) and (2.9) into equation (2.6),

R = σ0v0nth +
∫

∞

ECd

σ(E)ϕ′(E)dE (2.10)

In a typical thermal reactor such as GHARR-1, the epithermal neutron flux distribution does

not follow the ideal 1/E distribution. This non ideality is accounted for by the introduction

of the term epithermal neutron spectrum shaping factor (α). Thus, the epithermal neutron

flux distribution is approximated by the 1/E1+α distribution (ϕ′(E) = 1/E1+α) (Jovanovic

et al., 1988). The value of α can be either positive or negative. When α is positive

it indicates a softened epithermal neutron spectrum, while a negative value indicates

hardened epithermal neutron spectrum. Figure 2.3 illustrates the concept of ϕ′(E) = 1/E1+α

distribution.
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Figure 2.3: Non ideality of epithermal neutron flux distribution
(Jovanovic et al., 1988)

Considering the non-ideal epithermal neutron flux distribution and a reference energy of 1

eV,

ϕ
′(E) =

φepi1eVα

E1+α
(2.11)

φepi is the conventional epithermal neutron flux measured in cm−2s−1. Putting (2.11) into

equation (2.10),

R = σ0v0nth +φepi1eVα

∫
∞

ECd

σ(E)dE
E1+α

(2.12)

I0(α) = 1eVα

∫
∞

ECd

σ(E)dE
E1+α

R = σ0v0nth +φepiI0(α) (2.13)
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The conventional thermal neutron flux,φth = nthv0 . Putting this into equation (2.13),

R = φthσ0 +φepiI0(α) (2.14)

The first term on the R.H.S of equation (2.14) is the rate of reaction as a result of thermal

neutrons and the second term is as a result of epithermal neutrons. Taking into account

both thermal and epithermal neutron self-shielding by the flux monitors, the thermal and

epithermal self-shielding factors are introduced into equation (2.14). Thus, equation (2.14)

becomes (2.15).

R = Gthφthσ0 +GepiφepiI0(α) (2.15)

Gth and Gepi are the thermal and epithermal self-shielding factors respectively.

2.1.4 Neutron transport theory

To theoretically predict the behaviour of neutrons in a system or assembly such as a nuclear

reactor requires solving the neutron transport equation. This neutron transport equation (as

shown in equation (2.17)) except in simple cases is difficult to solve analytically. Thus

solutions to the neutron transport equation are usually based on numerical methods. The

neutron transport equation is derived by simple balancing of the various processes by which

neutrons are added or removed from a system as shown below.

[
Time rate of change

of neutron density

]
=

[
Change due to

physical leakages

]
+

[
Change due

to collision

]
+[Sources] (2.16)

Equation (2.16) is expressed mathematically in equation (2.17)

1
v

∂

∂t
φ(r,Ω,E, t)+Ω.∆φ(r,Ω,E, t)+Σt (r,E, t)φ(r,Ω,E, t) = q(r,Ω,E, t) (2.17)
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1
v

∂

∂t
φ(r,Ω,E, t) represents the rate of change of neutron density with respect to time,

Ω.∆φ(r,Ω,E, t) is the neutron leakage term, Σt (r,E, t)φ(r,Ω,E, t) is the total neutron

reaction cross section term and q(r,Ω,E, t) is the source term. r, E, t and Ω are the position

vector, energy, time and direction vector terms respectively.

Generally there are two main methods employed in solving the neutron transport equation,

namely, the deterministic and stochastic (monte carlo) methods. The deterministic

methods solve the neutron transport equation in a numerically approximated manner

throughout the modeled system. Thus, for deterministic methods simple geometries are

required for solving the neutron transport equation. In deterministic methods, multigroup

approximation of cross section data is employed (Schwerer, 2001). In the case of monte

carlo methods, the problem geometry is almost exactly if not exactly modeled. Thus monte

carlo methods are able to deal with complex systems such as a nuclear reactor. Monte

carlo methods make use of continuous energy cross section data as well as multigroup

cross section data (Schwerer, 2001). The monte carlo method is a statistical method and

thus results of calculations using this method are presented as estimates with their associate

uncertainties. It is thus generally said that deterministic methods provide an exact solution

to an approximated problem or model while monte carlo methods solves the exact problem

and provides estimates as solution to the problem.

2.1.5 Monte Carlo methods

In simulating a physical process (such as neutron particle transport) using monte carlo

methods, each and every neutron is actually followed from its source (at birth) throughout

its lifetime (scattering processes) till death via absorption or leakage from the system of

interest. This represents what is termed as the random history of a particle (Booth et al.,

2003). Based on some equations of physics and probabilities (cross section data), random

numbers between 0 and 1 are selected to ascertain the type of interaction that takes place

at various points in the volume of interest as well as where the interaction occurred (Booth
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et al., 2003). Figure 2.4 illustrates the random history of a neutron incident on a slab of

fissionable material and the fission neutrons that emerge.

The numbers in Figure 2.4 represent the various events that make up the history of the

neutrons.

Figure 2.4: Random history of neutrons
(Booth et al., 2003)

At 1, the incident neutron is scattered producing a photon which is banked or stored to be

analysed later. At 2, the scattered neutron is absorbed (death of incident neutron) by the

slab resulting in the birth of two neutrons (fission neutrons) and a photon. One of the fission
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neutrons and the photon are banked. The other fission neutron is captured at 3 bringing its

lifetime to an end. The other fission neutron is retrieved and leaks (death) out of the slab at

4. The fission photon is then retrieved, scatters at 5 and leaks out at 6. Finally, the photon

produced as a result of the scattering of the incident neutron is retrieved and its captured at

7. In monte carlo simulations the retrieval of banked particles or photons follows the last

in first out principle (Booth et al., 2003).

In a typical monte carlo simulation millions of events (particle or photon histories) are

followed, thus giving a better known particle or photon distribution at various regions of

interest. At these regions, estimates of quantities such as the number of collisions, particle

track length and so an are made. Since the monte carlo method is statistical in nature any

quantity (neutron flux in this study) desired by the user is presented with their associated

uncertainties.

2.1.6 MCNP calculations

MCNP is a computational tool that calculates various quantities pertaining to nuclear

reactions in a particular region of interest. Its calculations are based on monte carlo

methods. To do a calculation using MCNP, the user has to first create an input file (deck).

The input deck describes the problem geometry or structure (for this study a nuclear

reactor) and its material specifications using surface, cell and data cards. The surface cards

can be referred to as the basic element of the problem geometry. It specifies the various

surfaces (such as planes, cylinders, cones and so on), their dimensions and orientation in

the x,y,z coordinate system. Each surface card is identified by is a positive integer (surface

number). Using the intersection, union and complement operators surfaces are combined

to form volumes called cells. These cells are defined using the cell card which specifies the

material composition (via material number), density and particle or photon importance of

the cell (importance of 0 means particle history is not tracked in the cell while importance of

1 is the vice versa). A material number is used to distinguish between the various material
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cards. Material cards form part of the data cards which also specifites the source(s) of

particles or photons and their position in the problem geometry. Thus all neutron sources

in this study must be specified so as to statistically simulate neutron reactions in the reactor

core. For critical systems such nuclear reactors, the kcode card must be defined. This card

specifies the number of neutrons per cycle, the initial guess of the multiplication factor

(k-effective, keff), the number of cycles to be skipped before accumulating data and the total

number of cycles to run (Brewer, 2009). Finally, the desired data output is defined using

the tally card. The kcode and tally cards also form part of the data card. The tally card

specifies the cells whose calculation data should be presented. There are several tally card

types. For this study the F4 tally is employed. Figure (2.5) shows a flow chart illustrating

how MCNP calculations are carried out.
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Figure 2.5: Flow chart of the MCNP code

2.1.6.1 Criticality calculations in MCNP

For critical systems, the parameter of prime interest is the multiplication factor (k-effective,

keff). It is defined as the ratio of the neutron population of a generation to the neutron

population in the preceding generation. In MCNP criticality calculations are controlled

by the kcode card. With the kcode card a generation is referred to as a keff cycle. At the
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end of a MCNP simulation the final estimate of the keff is given as the average over all

the simulated keff cycles. As with every monte carlo calculation, the final estimate of the

keff comes with its associated uncertainty. The uncertainty decreases as the number of keff

cycles increase. Thus for a good estimate of the final keff of a critical system, it is important

that a substantial number of keff cycles are simulated. The kcode card in MCNP requires

three input parameters, namely, the total number of keff cycles, initial guess of keff and

the number of initial cycles to be skipped. It is necessary for some cycles to be skipped

since monte carlo spatial neutron distribution, which is dependent on the eigenvalue and

geometry of the system of interest takes some time to converge (Brewer, 2009). These

skipped cycles are ignored when the final keff is calculated.

Consider a criticality problem where C number of cycles are to be simulated and S number

of initial cycles to be skipped. The final estimate of keff, k̄ is given by equation (2.18).

k̄ =
1

(C−S)

C

∑
i=S+1

ki (2.18)

ki is the multiplication factor of the ith cycle. The uncertainty in k̄ is estimated as

the standard deviation, σ, of the distribution of keff values. Equation (2.19) how σ is

calculated.

σ =

√√√√ 1
(C−S−1)

C

∑
i=S+1

(ki− k̄)2 (2.19)

2.1.6.2 Nuclear reaction data libraries

Nuclear reaction data describes the interaction of particles such as neutrons and photons

with their target nuclei. It basically consists of cross section as well as angular and

energy distribution of particles emitted as a result of nuclear interactions (Schwerer, 2001).

Information for nuclear reaction tables are obtained from experiments as well as evaluated

data. For computational tools such as MCNP, evaluated data is employed. Evaluated
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data is arrived at after critical analysis of experimental and/or theoretical data and their

uncertainties as well as interpolated and extrapolated data and nuclear model calculations

(Schwerer, 2001). Nuclear reaction data is summarized and organized into libraries with

specific data formats. The international format for nuclear reaction data is the Evaluated

Nuclear Data Files (ENDF) format (Booth et al., 2003). In the case of MCNP, which will

be used for this study, several ENDF formatted data libraries complied by laboratories and

data centres exist. These include ENDF/B by the Cross Section Working Group (CSEWG),

USA, JENDL by the Japanese Atomic Energy Research Institute, the European JEFF

library by Nuclear Energy Agency (NEA) and CENDL by Chinese Nuclear Data Centre

(CNDC). To utilize any of these libraries when running a MCNP simulation, the ENDF

format data is processed into a so called A Compact ENDF (ACE) format (Schwerer, 2001).

The processing of the data library is done by the NJOY code making sure that nuclear data

libraries retain as much detail from the original evaluations as possible.

For target nuclei with low mass numbers embedded in a molecule or lattice interacting with

a low energy or thermal neutron, the scattering properties or cross section are different.

They do not just depend on the target nuclei and the energy of incident particle, but also

on the binding effects of the host material and the possibility of vibrational modes being

exparencited (Brewer, 2009). MCNP uses S(α,β)thermal neutron laws to account for this

effect. Since the binding effect depends on the host material, MCNP has for example,

different S(α,β) scattering data for hydrogen in water and in polyethylene.

2.1.6.3 Tally specification in MCNP

Tallying in MCNP allows the user to define the output or information desired from the

calculation and how this information is presented in the output file. Tally cards are

employed in the MCNP code to accomplish this task. The Fn card is required for all tally

specifications in MCNP. Other tally cards are available to provide additional features and

these are all optional. There a number of Fn cards. For this study, the F4 card (used to
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determine neutron flux in a cell) is employed. The auxiliary tally cards used in this study

include the tally segment (FSn), tally multiplier (FMn) and tally energy (En) cards. The En

card is used to specify the energy ranges for which results or fluxes should be outputted.

For each energy range, the user states its upper limit in MeV. Energy ranges are to be listed

in ascending order. The FS card based on surfaces described in the surface card section of

the input file divides a particular volume into various segments. These segments however

do not appear in the geometry of the system being modeled. The F4 and FM card tally

cards are described in appendix A.

2.2 Description of GHARR-1

The Ghana Research Reactor-1 is a low power tank-in-pool type research reactor. It is

a commercial version of the MNSR designed and manufactured by the China Institute

of Atomic Energy (CIAE), China (Gbadago et al., 2011). The GHARR-1 was designed

basically for Neutron Activation Analysis (NAA), production of short-live radioisotopes

and human resource development in nuclear engineering and physics. The core of

GHARR-1 resides at the bottom of an aluminium vessel (reactor vessel) and suspended

in a stainless steel-lined light water concrete pool. The reactor core consists of fuel and

dummy elements, tie rods, two grid plates and a central guide tube forming a cage (element

cage). It has 354 lattice positions which form 10 concentric rings about the central guide

tube which houses the reactor’s only control rod. Screws connecting the grid plates and

the four tie rods together occupy four of the lattice positions. The remaining 350 lattice

positions are occupied by the fuel and dummy elements. Around the core is an annular

beryllium reflector and beneath it as well is a beryllium reflector. Above the core is an

aluminium shim tray which makes provision for beryllium reflectors to be added above the

core. These reflectors enhance neutron economy since the small size of the core results in

neutron leakage (Ahmed et al., 2006). There are five irradiation channels inside and five

irradiation channels outside the annular beryllium reflector. Inside the annular reflector are
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two miniature fission chambers used for the detection of thermal neutron flux at the inner

irradiation sites. Light water is used as moderator and coolant for GHARR-1. Figures 2.6

and 2.7 show the vertical and horizontal cross sections of GHARR-1.

Figure 2.6: Vertical cross section of GHARR-1
(Gbadago et al., 2011)

Figure 2.7: Horizontal cross section of GHARR-1
(Gbadago et al., 2011)
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2.2.1 GHARR-1 HEU core

The GHARR-1 HEU core consists of 344 fuel elements and 6 dummy elements. The

fuel meat is made up of uranium dispersed in aluminium matrix (UAl4) with aluminium

as material for fuel meat clad as well as dummy elements (Gbadago et al., 2011). The

enrichment level for the fuel meat is 90.2 %. The upper and lower grid plates and the

control rod guide tube are also made of aluminium. The control rod consists of cadmium

with stainless steel cladding.

2.2.2 GHARR-1 LEU core

The GHARR-1 LEU core consists of 334 fuel elements and 16 dummy elements. The

fuel meat is made up of uranium oxide (UO2) with enrichment levels of 13.0 % (“Report

on Zero Power Test”, 2016). The fuel meat clad, dummy elements, upper and lower grid

plates and control rod guide tube are made up of zircaloy-4 (ZIrc-4). The control rod

consists an aluminium (Al) rod clad with cadmium (Cd) which is also clad in stainless

steel (SS)(“Report on Zero Power Test”, 2016). Table 2.1 compares the key features of the

GHARR-1 HEU and LEU cores.

Table 2.1: Comparison of GHARR-1 HEU and LEU Core

(Gbadago et al., 2011; Odoi et al., 2012)

Parameter HEU LEU
Fuel Meat U-Al UO2
U-235 Total Core Loading 998 1358
U-235 Enrichment, wt % 90.2 13.0
Density of Meat, g/cm3 3.456 10.6
Meat Diameter, mm 4.3 4.3
Cladding Material Al-303-1 Zirc-4
Number of Fuel Rods 344 334
Power, KW 30 34
Material for Grid Plates LT-21 Zirc-4
Control Rod Material Cd, SS Cd, SS, Al
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2.3 Monte Carlo Model of GHARR-1

The development of the Monte Carlo model of MNSRs began in the year 2001 at

the Italian National Agency for New Technologies, Energy and Sustainable Economic

Development (ENEA) Research Centre, Casaccia in Italy using the Monte Carlo N-Particle

4 (MCNP4) code (Anim-Sampong, Maakuu, & Akaho, 2007). The model was developed

using available design data of structural components and materials of the Ghana MNSR

(GHARR-1). Various geometries including planes, cones, spheres and cylinders were

used to model the zones, materials and sections (such as fuel assembly, control system,

reflectors, irradiation channels, shim tray, reactor vessel and reactor pool) of the MNSR.

Approaches used in three dimensional (3D) combinatorial, generalized geometry and

continuous energy methods as applied in MCNP were applied in developing the MNSR

Monte Carlo model (Anim-Sampong et al., 2007). The centre of the reactor core was

chosen as the geometrical centre of the MNSR model. Aside the cadmium cross section

data which was chosen from the Evaluated Neutron Data File/B five (ENDF/B-V) data

library, all other nuclear data for both fissile and non-fissile materials were chosen from

the Evaluated Neutron Data File/B six (ENDF/B-VI) nuclear data library (Anim-Sampong

et al., 2007). Thermal scattering in the reflector material (beryllium) and the hydrogen in

the light water were treated using the special (α, β) scattering feature of the MNCP code.

Figures 2.8 and 2.9 show the MCNP plot of the MNSR model in the x-y plane and the

vertical cross sectional view respectively.
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Figure 2.8: x-y view of the MCNP plot of MNSR model

Figure 2.9: Vertical cross sectional of MNSR model

In the same vain, the computed control rod worth (-7 mk) and shutdown margin (-3 mk)

differed by 10 % and 9 % respectively from the experimental results. These differences
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between the results from the Monte Carlo simulation and the experimental results was

attributed to some approximations made to some parameters such as mass, dimensions and

composition of some materials and structures in the development of the MNSR Monte

Carlo model (Anim-Sampong et al., 2007). The trends of the axial and radial neutron flux

distribution in the core, annular beryllium reflector and outer irradiation channel obtained

from the Monte Carlo simulation compared very well with results obtained from the zero

power and on-site criticality experiments. Due to the good agreement between the Monte

Carlo results and the experimental results, it was concluded that Monte Carlo methods

could be used to accurately model complicated geometries (such as MNSRs) and simulate

physics and engineering design parameters as well (Anim-Sampong et al., 2007).

In the year 2007, the MNSR Monte Carlo model (developed in 2001/2002) was fine-tuned

(by Sampong et al) to account for geometrical and material composition of some structural

components. These structures included the honey combed grid plate, insertion of reactivity

regulators and update of fuel element material composition (Anim-Sampong et al., n.d.).

Figures 2.10 and 2.11 illustrate the cross sectional views of the fine tuned MNSR Monte

Carlo Model. This study was carried out as a feasibility study for the proposed HEU-LEU

core conversion of GHARR-1. Simulations were carried out for a reference HEU (90.2

%) fuel core and five candidate LEU fuel cores. The candidate LEU cores included

344 (12.6% enriched) fuel elements, 201 fuel elements (19.75 % enriched and 149 water

dummies) and 238 (19.75 % enriched) fuel elements with 112 aluminium dummies. All

the aforementioned candidate fuels had UO2 as fuel meat. The remaining candidates were

U-9Mo and U3Si2 dispersed in aluminium matrix with enrichment levels at 19.5 %. The

parameters determined in the study included multiplication factor, core reactivity, thermal,

epithermal and fast neutron flux variations at the irradiation channels. In addition to these,

the axial thermal neutron flux distributions at the ten fuel lattice zones were determined.

The final Keff value estimated for the reference HEU fuel core was 1.00454 corresponding

to a core reactivity of 4.519 mk (Anim-Sampong et al., n.d.). The Keff values for the
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dispersant U-9Mo and U3Si2 candidate LEU fuel cores were up to 0.0023 % lower than

the reference HEU core (Anim-Sampong et al., n.d.). The 12.6 % enriched UO2 fuel core

with the same configuration as the reference HEU core simulated the same Keff value as the

reference HEU model. The remaining UO2 fuel cores reported Keff values higher than the

reference HEU core. The trend of the axial thermal neutron flux distribution (increasing

from the bottom of the core, peaking at the centre then begins to decrease approaching the

top of the core) along the fuel lattice zones obtained from the Monte Carlo simulation of

the reference HEU core compares very well zero power and on-site experimental results.

Figure 2.10: MCNP5 plot of the core configuration of the improved MNSR model
(Anim-Sampong et al., n.d.)
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Figure 2.11: MCNP5 plot of vertical cross section of the improved MNSR
model(Anim-Sampong et al., n.d.)

A similar trend was observed for all candidate LEU fuel cores. The simulation reported

a reduced thermal neutron flux at the inner irradiation channels for the candidate LEU

fuel cores. Despite this reduction, it was said that since the GHARR-1 operated at half

flux most often it would not affect routine operation (Anim-Sampong et al., n.d.). Due

to the good agreement between the reference HEU and the candidate LEU fuel cores, it

was concluded that the improved MNSR Monte Carlo model was suitable for neutronic

analysis of the Ghana MNSR. From the results of the simulations it was concluded that

all the candidates could be utilized as fuel for the proposed GHARR-1 LEU fuel core
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(Anim-Sampong et al., n.d.).

A study was undertaken by Odoi et al in 2012 to design an LEU core for GHARR-1. The

LEU core was to have similar operational capabilities as the HEU core with acceptable

safety margins under both normal and accident conditions (Odoi et al., 2012). As part

of the study neutronic analysis was performed on both the HEU and LEU cores using

MCNP5/X code. Table 2.2 compares the key parameters of the HEU and LEU cores used

for the study (Anim-Sampong et al., n.d.).

Table 2.2: Comparison of specifications of core configurations

Parameter HEU LEU LEU
(344 pins) (344 pins) (348 pins)

Fuel Meat UAl4 in Al Matrix UO2 Pellets UO2 Pellets
Fuel Clad Type 303-1 Al alloy Zircaloy-4 Zircaloy-4
Enrichment (U-235 wt%) 90.2 12.5 12.5
Density of fuel meat (g/cm3) 3.456 10.6 10.6
U-235 loading per pin/core (g) 2.9/998.12 3.9/1341.6 3.9/1357.2
Uranium wt (%) 27.5 88 88

The 3-D MSNR Monte Carlo model was modified to reflect the material specifications of

the core configurations in Table 2.2. Some of the neutronic parameters determined in the

study were Keff and its corresponding core reactivity as well as neutron flux distribution at

some selected locations of the reactor. A zero fuel burn up was assumed for all simulations

in the study. The criticality results indicated that the reactivity of the 344 LEU fuel pins

core (2.88 mk) was below the minimum required 3.5 mk reactivity for operation of MNSRs

(Odoi et al., 2012). However, that of the 348 LEU fuel pins core with reactivity of 3.84 mk

was within the acceptable reactivity range (3.5 mk − 4.0 mk) and compared well with that

of the 344 HEU fuel pins core (3.74 mk) (Odoi et al., 2012). The neutron flux variation at

the irradiation sites of all the core configurations simulated in the study followed similar

trends. It was found out that the thermal neutron flux at the inner irradiation channels of the

LEU cores at 30 KW was lower than that of the HEU core. This necessitated the increment
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of reactor power in order to compensate for the loss in thermal neutron flux of the LEU

cores. Based on the results obtained from the study it was concluded that the 348 fuel pin

core configuration was suitable for the conversion of the HEU GHARR-1 core to LEU.

Furthermore, the results showed that increasing the power of the reactor to 34 KW will

compensate for the thermal neutron flux trade off at the inner irradiation channels (Odoi

et al., 2012).

2.4 Characterization at GHARR-1 Irradiation Sites

In 2002, a study was carried out by Akaho and Nyarko to characterize two irradiation

sites (site 1 and site 6) using the Westcott-formalism. The parameters determined were

the modified spectral indices, Westcott g-factor, reduced resonance integral and neutron

temperature. Gold solution, zirconium wire and lutetium nitrate solution of appropriate

masses were irradiated with and without cadmium cover for the experimental work.

Cadmium ratios of both 1/v nuclides (197Au and 96Zr) and non 1/v nuclides (Lu) were

used to evaluate the modified spectral and Westcott g-factor respectively. The value of the

Westcott g-factor was in turn used to evaluate the reduced resonance integral of Lutetium.





It was concluded that the programs developed in the study was suitable for calculating the

epithermal flux shaping factor.

In 2010 a study was conducted by Abrefah et al to measure the variation (distribution) of

neutron fluxes (axially and radially) at GHARR-1 irradiation channels using Monte Carlo

methods. This was to ascertain whether there was a need to make corrections in the sample

preparation protocol for neutron activation analysis. It was also to enquire whether there

was a need to introduce a correction factor when calculating the concentrations of elements

in samples (Abrefah, Anim-Sampong, Nyarko, Akaho, & Sogbadji, 2011). The MCNP

input deck used for the study was obtained from a previous study in 2007 (Anim-Sampong

et al., n.d.), (Abrefah et al., 2011). This deck was modified by modeling five smaller

cylinders and arranging them across the radius of the irradiation channels so as to determine

the radial flux distribution. For the axial flux distribution, the length of the irradiation

channel was divided into ten equal parts. Two hundred million particle histories were

simulated using the MNCP5 code with an initial Keff of 1.004. From the results of the

study it was observed that axially neutron fluxes generally increase from the bottom of

the channel, peaks at its centre and gradually decreases moving up beyond the centre. This

trend was similar to that reported in a previous study (Anim-Sampong et al., n.d.), (Abrefah

et al., 2011). The peaking of neutron fluxes at the centre of the irradiation channel was

attributed to the fact that the core of the reactor is located at the central region of the

irradiation channel. Radially the thermal, epithermal and fast neutron fluxes (measured in

ncm−2s−1) varied from 1.15×1012 to 1.19×1012, 1.20×1012 to 1.36×1012 and 2.47×1011

to 2.97×1011 respectively for the inner irradiation sites. For the outer irradiation channels

the thermal fluxes were reported to be between 7.14×1011 and 7.38×1011, epithermal

between 1.94×1011 and 2.51×1011 and fast between 3.69×1010 and 5.14×1010. Generally,

the radial flux distribution was flat for both inner and outer irradiation channels. However,

the epithermal flux density was higher than the thermal fluxes at the inner channel and

vice versa for the outer channel. This was attributed to the difference in the distances of
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the inner and outer channels from the reactor core (Abrefah et al., 2011). Thus lots of

neutrons existed in the lower epithermal energy range when close to core and much more

in the thermal energy range further away from the core. It was observed that due to the

absorption of neutrons by annulus beryllium reflector around the core, the neutron fluxes at

the outer irradiation sites were much lower compared to that of the inner channels. Due to

the flat radial flux distribution at the irradiation channels, it was concluded that there was

no need to incorporate a correction factor when calculating the elemental concentrations of

samples. In the same vain there was no need in reviewing the sample preparation protocols

(Abrefah et al., 2011).

In order to compensate for the loss of excess reactivity of the GHARR-1 core, a beryllium

reflector was placed in the shim tray at the top of the core. After this, a study was carried

out to determine the neutron spectrum parameters at one inner (site 2) and outer (site7)

irradiation site. Gold alloy (Al-0.1%Au) wire samples were prepared and irradiated with

and without cadmium cover. These samples were used to determine the neutron fluxes

(thermal, epithermal and fast). Applying the dual monitor cadmium ratio method (using

gold and zirconium wire), the epithermal neutron shaping factor was also determined. The

results obtained indicated that the total neutron flux at the inner irradiation site was higher

as compared to of the outer irradiation site. The fast neutron flux was observed to be

higher than the epithermal neutron flux at the site 2 and vice versa for site 7. The ratio

of the thermal to epithermal neutron flux for site 2 was almost twice of that of site 7.

This was attributed to the higher level of thermalization at site 2 (site 2 is located inside

the beryllium reflector around the core) (Sogbadji, Nyarko, & Akaho, 2011). The value

of the epithermal flux shaping factor as well as the neutron fluxes obtained in the study

were in good agreement with previous studies carried out at GHARR-1 and another MNSR

facility. Thus it was concluded that there was no significant change in the neutron spectrum

parameters after the addition of the beryllium reflector (Sogbadji et al., 2011).

A study was carried out by Baidoo et al in 2013 to characterize an irradiation site (Bsite2)
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of GHARR-1 so as to validate the K0-IAEA software for neutron activation analysis. This

was done using three flux monitors (gold, zirconium and iron). The characterization of the

neutron flux parameters was done using the dual monitor cadmium ratio method and the

bare multi monitor method employed by the K0-IAEA software. Comparisons were made

between results obtained from the K0-IAEA software, the dual monitor cadmium ratio

method and results of previous studies carried out at the GHARR-1 facility. All parameters

except the fast neutron flux determined by the K0-IAEA software and the dual monitor

cadmium ratio method agreed very well within the uncertainty limit. The fast neutron flux

could not be calculated by the K0-IAEA software. The thermal to epithermal neutron flux

ratio from the study compared well with a previous study carried out in 2002 (Akaho &

Nyarko, 2002), (Baidoo et al., 2013). However the value of the epithermal neutron shaping

factor was quite different from that of a study in 2006 (Ahmed et al., 2006), (Baidoo et al.,

2013).

2.5 Conversion of HEU to LEU

In 2007 the Portuguese Research Reactor (RPI) was converted from HEU fuel (93.2 % )

to LEU fuel (19.75 %). After the conversion a study was carried out to re-characterize

the neutron spectrum at three irradiation sites (irradiation position for SIPRA, aerosols and

biological samples) (Dung, Freitas, Santos, & Marques, 2010). This was accomplished

by irradiating four flux monitors at the irradiation sites. The K0-IAEA program was used

to calculate the neutron spectrum parameters (thermal neutron flux, epithermal neutron

spectrum shaping factor, thermal to epithermal neutron flux ratio, thermal to fast neutron

flux ratio and neutron temperature). It was observed from the results of the study that

the epithermal neutron shaping factor decreased by almost 50 % at the SIPRA irradiation

site. At the biological samples site it increased by 33 % and changed to the negative at the

aerosols site. Neutron temperature barely changed at all the irradiation sites. The thermal

to epithermal neutron flux ratio decreased at the SIPRA, however, it slightly increased at
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the areosol and biological sites. The thermal to fast neutron flux ratio decreased at all the

irradiation sites implying an increase in the fast neutron flux (Dung et al., 2010).

Between November, 2011 and January, 2012 the Dalat Nuclear Research reactor (DNRR)

was fully converted from an HEU fuel core to an LEU fuel core (Dien et al., 2014). The

neutron spectrum parameters (thermal neutron flux, epithermal neutron spectrum shaping

factor, thermal to epithermal neutron flux ratio and fast neutron flux) were characterized

at four irradiation sites (channels 7-1 and 13-2, thermal column and rotary rack). These

were determined using flux monitors via the bare multi monitor method (Vu et al., 2014).

Results from the study showed that generally the thermal neutron flux decreased at all

irradiation sites except the thermal column. The increase in the thermal column was

attributed to modifications made to it rather than the core conversion (Vu et al., 2014). The

fast neutron flux at channel 7-1 and the rotary rack both increased slightly while the thermal

to epithermal neutron flux decreased implying an increase in epithermal neutron flux. The

absolute value of epithermal neutron shaping factor at these sites however increased.

After previous neutronics feasibility studies showed that the Nigeria Research Reactor-1

(NIRR-1) could be successfully converted from HEU to LEU fuel (∼ 12.5%) core (Jonah,

Ibrahim, Ajuji, & Onimisi, 2012), a study was carried out in 2012 to determine the impact

of the HEU to LEU conversion of the neutron spectrum parameters at the inner and outer

irradiation sites of the NIRR-1 facility. The MCNP5 code was used to determine the

cadmium ratio of some flux monitors. Using the cadmium ratios determined and employing

cadmium ratio for multi-monitor method, the thermal to epithermal neutron flux ratio

and the epithermal neutron shaping factor were determined for the HEU and LEU core

MCNP models for the NIRR-1. The results of the HEU core were compared to a previous

experimental characterization study carried out after the commissioning of the NIRR-1.

The results compared well with each other indicating the suitability of the MCNP5 code in

determining neutron spectrum parameters. The results obtained for the proposed LEU fuel

core were slightly lower than that of the HEU core. This was attributed to neutron spectrum
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hardening as a result of the increase in amount of 238U in the LEU fuel (Jonah et al., 2012).

Due to the small difference in the results of the neutron spectrum parameters of the HEU

and LEU cores, it was concluded that the HEU to LEU will have minimal impact on the

neutron spectrum parameters at the irradiation sites of the NIRR-1.

As part of a proposed core conversion programme for Syria’s MNSR, the MCNP4C code

was used for analysis of neutronic parameters as well as neutron fluxes (thermal, epithermal

and fast) at two irradiation sites (Aldawanra, Khattab, & Saba, 2015). Using the F5

tally feature of the MCNP4C code, the neutron fluxes and their axial distribution at the

irradiation sites were determined for both the existing HEU fuel core and the proposed

LEU core. The results of the simulation showed that the axial neutron flux distribution for

all three regions of the neutron spectrum followed similar patterns for both the HEU and

LEU fuel cores. The neutron fluxes for the LEU fuel core were reported to be slightly lower

than that of the HEU. This was attributed to spectrum hardening (Aldawanra et al., 2015).

A study at the DNRR was performed to calculate the difference between neutron flux

characteristics at three irradiation sites (channels 1-4 and 7-1 and the neutron trap) using the

MNCP code after full conversion of the reactor core. The parameters calculated were the

thermal neutron flux, thermal to epithermal neutron flux ratio, epithermal neutron shaping

factor and neutron temperature. The results for the LEU fuel core was compared with

that of the HEU. The results indicated that, the thermal neutron flux was lower at all the

channels for the LEU core. This was attributed to the increase in density atoms of the fissile

material (Hung & Cuong, 2016). The thermal to epithermal neutron flux ratio at channel

1-4 and the neutron trap were slightly higher for the LEU indicating a softer epithermal

neutron spectra. At channel 7-1 however, the epithermal neutron spectra was harder. The

fast neutron flux increased at channels 1-4 and 7-1 while it decreased at the neutron trap.

This decrease at the neutron trap was attributed to the replacement of twelve fuel pins

with twelve beryllium blocks (Hung & Cuong, 2016). The neutron temperature decreased

slightly at the neutron trap and channel 1-4 while it barely changed at channel 7-1.
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CHAPTER 3

METHODOLOGY

This chapter describes the MCNP model used for this study. It elaborates on the changes

made to the model per results from the zero power test experiments. Also, a description of

how the neutron fluxes, flux distribution and neutron spectrum parameters were determined

is presented in this chapter.

3.1 MCNP Model

The input deck used for this study was obtained from a study carried out in 2012 by

Odoi et al. The input deck was modified in various ways to reflect the current state of

the GHARR-1 LEU core. The changes made to the input deck are based on the results

from the Zero Power Test Experiment carried out in China, some on site measurements of

reactor components and information from the GHARR-1 safety analysis report (SAR). The

components remodeled include fuel pins, irradiation channels, reactivity regulator rods and

control rod. The remodeling of the fuel pin was to incorporate the helium gas gap between

fuel meat and the upper end plug. Figure 3.1 compares the GHARR-1 HEU and LEU fuel

pins
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Figure 3.1: MCNP model of GHARR-1 LEU fuel pin

The inner and outer irradiation channels were remodeled to account for the inner thimble.

In addition to the inner thimble, the support structure of the inner irradiation sites were also

remodeled using a combination of planes, a cylinder and a trauncated cone. These changes

are presented in Figure 3.2 and 3.3.
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Figure 3.2: Cross sectional view of inner irradiation sites

Figure 3.3: Cross sectional view of outer irradiation sites
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The dimensions of the reactivity regulator rod was measured using vernier calipers and a

tape measure. Based on these dimensions (outer diameter 3.65 cm,inner diameter 2.60 cm,

height 35.0 cm, depth 31.5 cm, rod/string connection point 1.5 cm), the reactivity regulator

rods were remodeled. Figure 3.4 presents the reactivity regulator rods use for this study

and that of the previous HEU core model of the GHARR-1.

Figure 3.4: Reactivity regulator MCNP model

The composition of the control rod for the GHARR-1 LEU core differs from that of the

HEU core. The cadmium absorber for the LEU control rod is clad between stainless steel

and a central aluminium rod. This is illustrated in the figure 3.5.
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Figure 3.5: GHARR-1 LEU core control rod

In order to depict the arrangement of fuel pins in the fuel cage as presented in the zero

power test experiment results, the arrangement of fuel pins on the first ring were changed.

This was done by recalculating the coordinates of these pins. Furthermore, the number and

positions of the dummy rods on the tenth fuel pin ring were modified. Figures 3.6 and 3.7

illustrate a two dimensional (2D) horizontal cross section and three dimensional (3D) view

of GHARR-1 LEU core.
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Figure 3.6: 2D view of the GHARR-1 LEU core
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Figure 3.7: 3D view of the GHARR-1 MCNP core

Rabbit capsules were modeled both in dimension and composition into the various

irradiation channels. Vernier calipers and a meter rule were used to obtain the dimensions

of the rabbit capsules. Figure 3.9 shows the rabbit capsules at an inner and outer irradiation

site. The input deck for remodeled components is presented in appendix B. Figures 3.8 and

3.9 show the horizontal and vertical cross sectional view of the GHARR-1 MCNP model.
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Figure 3.8: Horizontal cross sectional view of the GHARR-1 MCNP model

Figure 3.9: Horizontal cross sectional view of the GHARR-1 MCNP model
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3.2 MCNP Calculations

The MCNP model described in the previous section was simulated using the MCNP5 code

to determine the neutron fluxes and neutron spectrum parameters within rabbit capsules

at the irradiation sites of the GHARR-1 facility. Employing MCNP’s criticality card

(KCODE), 600,000 particles per cycle were simulated for 530 cycles (first 30 cycles were

skipped in order to achieve spatial neutron distribution before data to estimate desire results

are gatherd) with an initial Keff guess of 1.004. The ENDF-B/V and ENDF-B/VI cross

section data libraries were employed in the modeling and simulation of the GHARR-1

MCNP model used for this study. Four input files were used for this study. First of all the

LEU core model was simulated without rabbit capsules in the irradiation sites (LEU base

deck). This was to determine the multiplication factor and hence reactivity of the model.

The GHARR-1 HEU MCNP model of GHARR-1 was revised to account of the remodeled

reactivity regulator rods, inner and outer irradiation channels and positions of first ring of

fuel pins. This model (HEU base deck) was simulated to determine the multiplication factor

and reactivity of the HEU core model. These aforementioned input files were modified by

introducing rabbit capsules at the irradiation sites and addition of tally cards to determine

neutron fluxes and reaction rates in some selected foils.

3.2.1 Neutron flux and flux distribution

The F4 tally card together with some auxiliary cards (FM and FS cards) were employed

to determine the neutron fluxes and spectrum parameters. For each tally card, the neutron

energy spectrum was divided into 12,208 energy bins. For the neutron flux distribution in

the rabbit capsules, the F4 and FS cards were employed. The FS card was used to divide

the volume of the rabbit capsule into six segments as shown in Figure 3.10.
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Figure 3.10: Segmentation of rabbit capsule for neutron flux distribution

The neutron fluxes at the various segments as well as the whole volume of the rabbit capsule

was simulated. MCNP outputs neutron flux in per cm2 (1/cm2). To convert these fluxes into

conventional neutron flux in neutrons per cm2 per second (ncm−2s−1), a normalization

factor (N f ) has to be established. Basically, this factor is dependent upon the reactor power

and the number of neutrons per fission, ν. Equations (3.1) and (3.2) illustrate how this

factor is calculated.

(
1joule/sec

watt

)(
1MeV

1.602×10−13 joules

)(
fission

180MeV

)
= 3.467×1010 fissions/watt sec

(3.1)

N f = 3.467×1010fissions/watt sec×P watt×ν neutrons/fission (3.2)
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P is the steady state reactor power. Simplifying equation (3.2),

N f = 3.467×1010×P×ν neutrons/sec (3.3)

The Table (3.1) below shows the energy ranges used to determine the flux at each of the

three neutron spectrum regions (thermal, epithermal and fast).

Table 3.1: Neutron spectrum energy ranges

Neutron spectrum region Energy range

Thermal neutrons 0 - 0.55 eV

Epithermal neutrons 0.55 ev - 100 keV

Fast neutrons 100 keV - 20 MeV

The neutron flux for each of the regions was calculated as the sum of neutron fluxes at each

energy within the energy range of the neutron spectrum. This is illustrated by equation

(3.4).

φ =

(
k

∑
E=i

ϕ(E)

)
N f (3.4)

Where φ is the convential neutron flux in ncm−2s−1, E is neutron energy, i and k are the

lower and upper energy limits respectively for each energy range.
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3.2.2 Neutron spectrum parameters

In order to determine the neutron spectrum parameters (α and f ), the reaction rates of the

various foils or flux monitors at each of the irradiation sites (using the FMn card together

with the F4 card) were calculated. Based on the cadmium cut-off energy (0.55 eV), the

cadmium ratio for the foils were determined using equation (3.5).

RCd =

k
∑

E=i
ϕ(E)σ(E)

k
∑

E=ECd

ϕ(E)σ(E)
(3.5)

The table 3.2 shows the list of flux monitors, the respective reactions for which the reaction

rates were determined as well as some constants associated with the flux monitors.

Table 3.2: Neutron spectrum energy ranges

Flux Monitor Reaction(s) Er(eV) Qo FCd

Gold 197Au(n,γ) 198Au 5.65 15.7 0.991

Zirconium 94Zr(n,γ) 95Zr 6260 5.31 1

The reaction rates of the 197Au(n,γ) 198Au and 94Zr(n,γ) 95Zr reactions and hence their

cadmium ratios were calculated for each of the irradiation sites. Based on the cadmium

ratio method described in section 3.2.2.1, the thermal to epithermal neutron ratio and the

epithermal neutron spectrum shaping factor were determined. Again, the cadmium-ratio

for multi-monitor method described in section 3.2.2.2 was employed in determining the

epithermal neutron spectrum shaping factor.
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3.2.2.1 Cd-ratio method

From equation I0(α) = 1eVα

∫
∞

ECd

σ(E)dE
E1+α

, the resonance integral for the non-ideal 1/E1+α

distribution is given by equation (3.6).

Io(α) =

(
Io−0.426σo

E−α

r

+
0.426σo

(2α+1)(ECd)α

)
1eV α (3.6)

Where Io is the resonance integral for the ideal 1/E distribution, Er is the effective resonance

energy. Multiplying both sides of equation (3.6) by 1
σo

, equation (3.6) becomes equation

(3.7) as shown below.

Qo(α) =

(
Qo−0.426

E−α

r

+
0.426

(2α+1)(ECd)α

)
(3.7)

Qo and Qo(α) are the ratio of resonance integral for the ideal and non-ideal epithermal

neutron flux distribution respectively to the thermal neutron flux cross section. For a nuclide

irradiated with and without cadmium covered, the thermal to epithermal neutron flux ratio

is given by equation (3.8).

f = (RCd−1)(FCdQo(α)) (3.8)

FCd is the cadmium transmission factor. For any two nuclides which are irradiated together

under the same conditions in a stable neutron flux, the value of f are approximately equal.

Based on this α can be determined by iterating equation (3.9).

(RCd,1−1)(FCd,1Qo,1(α)) = (RCd,2−1)(FCd,2Qo,2(α)) (3.9)
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3.2.2.2 Cd-ratio for multi-monitor method

This method for determining α is applicable to reactors with a stable neutron flux with

respect to time. The monitors used to determine α should have a σ(v)∼ 1/v dependence up

to approximately 1.5 eV. With these conditions met, α can be obtained as the slope of the

straight line from a plot of

LogEr,i against Log
E−α

r,i

(FCd,iRCd,i−1)Qo,i(α)
, for i=1,2,...,N.

Alternatively, α can be determined by solving the equation 3.10 below,

α+

N
∑
i

{LogEr,i−
N
∑
i

LogEr,i

N

Log
E−α

r,i
(FCd,iRCd,i−1)Qo,i(α)

−
N
∑
i

Log
E−α

r,i
(FCd,iRCd,i−1)Qo,i(α)

N

}

N
∑
i

LogEr,i−
N
∑
i

LogEr,i

N

2 = 0

(3.10)

FCd,i is cadmium transmission factor for ith flux monitor, RCd,i is cadmium ratio for ith flux

monitor, Er,i is effective resonance energy for ith flux monitor and α the epithermal neutron

shaping factor.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter provides and discusses the results obtained from the study and how it

compares with previous studies carried out on the GHARR-1 HEU core and other research

reactors.

4.1 Criticality results

Using the criticality calculation feature of MCNP5 code, the Keff and reactivity of the

models simulated are presented in Table 4.1.

Table 4.1: Keff and Reactivity of GHARR-1 HEU and LEU models

Model Keff Reactivity

HEU base deck 1.00398±0.00005 3.96±0.05mk

HEU 1.00405±0.00005 4.03±0.05mk

LEU base deck 1.00405±0.00005 4.03±0.05mk

LEU 1.00410±0.00005 4.08±0.05mk

The reactivity of the HEU base deck is in good agreement with the experimentally

determined value (3.99 mk) recorded at the commissioning of GHARR-1 with HEU core in

1995 (Gbadago et al., 2011). Considering the uncertainty margins, the reactivity of the LEU

base deck is within the accepted limits for operation of an MNSR (3.5 mk - 4.0 mk). The

models with rabbit capsules at the irradiation channels recorded slightly higher reactivities.

This can be attributed to the material compositon of the rabbit capsule, polyethylene.

Polyethylene is mainly made of hydrogen and carbon which have high neutron scattering

cross sections.
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4.2 Neutron spectrum parameters

Tables 4.2 and 4.3 provide results of the cadmium ratio and resonance integral to thermal

neutron cross section ratio of 197Au and 94Zr flux monitors and the neutron spectrum

parameters respectively at the inner irradiation sites of the GHARR-1 with HEU core using

the MCNP5 code.
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Table 4.2: Cadmium ratios and non-ideal resonance integral to thermal neutron cross
section for flux monitors at inner irradiation sites of HEU core

Site 1 Site 2 Site 3 Site 4 Site 5 Ref

RCd

197Au 2.02±0.05 2±0.05 1.97±0.05 2.01±0.05 1.97±0.05 This work
94Zr 2.67±0.09 2.57±0.09 2.54±0.09 2.52±0.09 2.53±0.09 This work

197Au 2.36 2.10 (Akaho &
Nyarko,
2002)

94Zr 2.85 2.68 (Akaho &
Nyarko,
2002)

Qo(α)

197Au 18.63±0.14 18.87±0.15 18.82±0.15 19.08±0.16 18.83±0.15 This work
94Zr 11.35±0.37 12.07±0.37 11.93±0.37 12.72±0.37 11.95±0.37 This work

197Au 18.79 18.92 (Akaho &
Nyarko,
2002)

94Zr 12.62 12.40 (Akaho &
Nyarko,
2002)

Qo(α)*
197Au 18.76±0.15 18.91±0.16 18.86±0.16 19.10±0.17 18.90±0.16 This work
94Zr 12.75±0.36 13.53±0.36 13.36±0.36 14.23±0.37 13.49±0.36 This work

Ref: Reference
Qo(α): Non ideal resonance integral to thermal neutron cross section using cadmium ratio method
Qo(α)*: Non ideal resonance integral to thermal neutron cross section using cadmium ratio for

multi-monitor method
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Table 4.3: Neutron spectrum parameters at inner irradiation sites for HEU core

f α α* Ref

Site 1 18.94±0.51 -0.097±0.004 -0.107±0.004 This work

18.80 -0.104 (Akaho &
Nyarko,
2002)

Site 2 18.94±0.52 -0.104±0.004 -0.114±0.004 This work

Site 3 18.34±0.51 -0.103±0.004 -0.112±0.004 This work

Site 4 19.29±0.54 -0.11±0.004 -0.122±0.004 This work

Site 5 18.27±0.51 -0.103±0.004 -0.114±0.004 This work

17.28 -0.107 (Akaho &
Nyarko,
2002)

Ref: Reference
α: Epithermal shaping factor using Cd-ratio method.
α*: Epithermal shaping factor using Cd-ratio for multi-monitor method.

The cadmium ratio determined from this study for the two flux monitors used even though

compared very well to that of the previous experimental work was slightly lower. This

can be attributed to the fact that fuel burn-up was not considered in this study. However,

the results from the previous study was carried out eight years after commissioning of the

GHARR-1 and hence there was a fair amount of fuel burn-up. In a similar manner, results

of the thermal to epithermal neutron flux ratio from this study compared well to that of

the previous study with maximum deviation below 6 %. Same can be said of the results

of the epithermal neutron shaping factor. The results of the two different methods used to

determine the epithermal neutron shaping factor compared well with each other and with

the results of the previous experimental work carried out by Akaho and Nyarko (Akaho &

Nyarko, 2002).

Tables 4.4 and 4.5 provide results of the cadmium ratio and resonance integral to thermal

neutron cross section ratio of 197Au and 94Zr flux monitors and the neutron spectrum

parameters respectively at the outer irradiation sites.
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Table 4.4: Cadmium ratios and non-ideal resonance integral to thermal neutron cross
section for flux monitors at inner irradiation sites of HEU core

Site 1 Site 2 Site 3 Site 4 Site 5 Ref

RCd

197Au 4.05±0.27 3.75±0.18 3.81±0.24 4.11±0.19 3.91±0.18 This work
94Zr 8.54±0.76 8.76±0.81 8.03±0.71 8.73±0.73 8.2±0.76 This work

197Au 3.92 (Akaho &
Nyarko,
2002)

94Zr 8.76 (Akaho &
Nyarko,
2002)

Qo(α)

197Au 16.61±0.06 16.61±0.05 16.62±0.05 16.44±0.06 16.59±0.06 This work
94Zr 6.76±0.22 6.58±0.2 6.65±0.21 6.71±0.22 6.75±0.22 This work

197Au 16.42 (Akaho &
Nyarko,
2002)

94Zr 6.76 (Akaho &
Nyarko,
2002)

Qo(α)*
197Au 16.55±0.05 16.40±0.04 16.49±0.05 16.52±0.05 16.55±0.05 This work
94Zr 6.88±0.20 6.58±0.17 6.75±0.19 6.82±0.19 6.87±0.20 This work

Ref: Reference
Qo(α): Non ideal resonance integral to thermal neutron cross section using cadmium ratio method
Qo(α)*: Non ideal resonance integral to thermal neutron cross section using cadmium ratio for

multi-monitor method
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Table 4.5: Neutron spectrum parameters at inner irradiation sites for HEU core

f α α* Ref

Site 1 50.94±0.86 -0.035±0.003 -0.032±0.003 This work

49.00 -0.026 (Akaho &
Nyarko,
2002)

Site 2 45.59±0.49 -0.031±0.005 -0.027±0.004 This work

Site 3 46.78±0.47 -0.033±0.005 -0.030±0.005 This work

Site 4 51.87±0.51 -0.034±0.005 -0.031±0.004 This work

Site 5 48.59±0.5 -0.035±0.005 -0.032±0.004 This work

Ref: Reference
α: Epithermal shaping factor using Cd-ratio method.
α*: Epithermal shaping factor using Cd-ratio for multi-monitor method.

Just as with the inner irradiation sites, cadmium ratio for the flux monitors are generally

lower (up to 3 %) than that of the previous study for the outer irradiation sites. However,

these results are in good agreement with each other. Same can be said of the thermal to

epithermal neutron flux ratio and the epithermal neutron shaping factor. These results prove

the suitability of the MCNP5 code for neutron spectrum parameter characterization.

Tables 4.6 and 4.7 provide results of the cadmium ratio and resonance integral to thermal

neutron cross section ratio of 197Au and 94Zr flux monitors and the neutron spectrum

parameters respectively at the inner irradiation sites of the GHARR-1 with LEU core using

the MCNP5.
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Table 4.6: Cadmium ratios and non-ideal resonance integral to thermal neutron cross
section for flux monitors at inner irradiation sites of LEU core

Site 1 Site 2 Site 3 Site 4 Site 5

RCd

197Au 1.97±0.05 1.96±0.05 1.91±0.05 1.98±0.05 1.96±0.05
94Zr 2.67±0.10 2.59±0.11 2.53±0.11 2.57±0.10 2.55±0.10

Qo(α)

197Au 18.39±0.13 18.58±0.14 18.51±0.13 18.75±0.14 18.71±0.14
94Zr 10.68±0.36 11.22±0.37 11.01±0.36 11.70±0.37 11.59±0.37

Qo(α)*
197Au 18.42±0.14 18.63±0.15 18.55±0.15 18.81±0.16 18.77±0.16
94Zr 11.80±0.36 12.53±0.36 12.24±0.36 13.17±0.36 13.02±0.36

Table 4.7: Neutron spectrum parameters at inner irradiation sites for LEU core

f α α*

Site 1 17.84±0.48 -0.09±0.005 -0.098±0.004

Site 2 17.84±0.49 -0.097±0.005 -0.105±0.004

Site 3 16.84±0.47 -0.093±0.005 -0.102±0.005

Site 4 18.37±0.51 -0.1±0.005 -0.111±0.004

Site 5 17.96±0.5 -0.099±0.005 -0.109±0.004

α: Epithermal shaping factor using Cd-ratio method.
α*: Epithermal shaping factor using Cd-ratio for multi-monitor method.

Comparison of the cadmium ratios of the two flux monitors at the inner sites of the LEU

core to that of the HEU core generally indicate a slight decrease (below 5 %) for the LEU

core. For thermal to epithermal neutron flux ratio that of the LEU core was slightly lower

than that of the HEU with deviations between 4 % and 8 %. This is attributed to the increase

in the inventory of 238U in the LEU core as compared to the HEU core. The absolute values

of the epithermal neutron shaping factor just like the other parameters is lower (up to 10 %

lower) in the case of the LEU core as compared to the HEU core. Tables 4.8 and 4.9 provide
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results of the cadmium ratio and resonance integral to thermal neutron cross section ratio

of 197Au and 94Zr flux monitors and the neutron spectrum parameters respectively of the

outer irradiation sites .

Table 4.8: Cadmium ratios and non-ideal resonance integral to thermal neutron cross
section for flux monitors at inner irradiation sites of LEU core

Site 1 Site 2 Site 3 Site 4 Site 5

RCd

197Au 3.91±0.10 3.69±0.11 3.75±0.10 3.68±0.13 3.57±0.12
94Zr 8.34±0.42 7.78±0.46 7.93±0.38 8.03±0.50 7.52±0.51

Qo(α)

197Au 16.61±0.05 16.61±0.05 16.62±0.05 16.44±0.04 16.59±0.05
94Zr 6.59±0.21 6.59±0.21 6.59±0.21 6.27±0.18 6.57±0.20

Qo(α)*
197Au 16.44±0.05 16.45±0.05 16.45±0.05 16.24±0.03 16.41±0.05
94Zr 6.67±0.19 6.68±0.19 6.68±0.19 6.27±0.14 6.60±0.18

Table 4.9: Neutron spectrum parameters at inner irradiation sites for LEU core

f α α*

Site 1 48.34±0.86 -0.032±0.003 -0.029±0.003

Site 2 44.69±0.81 -0.032±0.003 -0.029±0.003

Site 3 45.69±0.82 -0.032±0.003 -0.029±0.003

Site 4 44.05±0.79 -0.026±0.003 -0.021±0.003

Site 5 42.63±0.78 -0.031±0.003 -0.028±0.003

α: Epithermal shaping factor using Cd-ratio method.
α*: Epithermal shaping factor using Cd-ratio for multi-monitor method.

At the outer irradiation sites, a trend of results similar to the inner irradiation sites were

obtained. All parameters except the absolute value of the epithermal neutron shaping

factor were over two times that of the inner irradiation sites. These are attributed to the

high level of thermalization at the outer irradiation sites. From the results of both the
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GHARR-1 LEU and HEU core irradiation sites, there is a clear indication of a hardened

neutron spectrum due to the negative value of the epithermal neutron shaping factor. The

epithermal neutron distribution at the inner irradiation sites tend to deviate more from the

ideal 1/E distribution due to the higher absolute value of the epithermal neutron shaping

factor at the inner irradiation sites compared to that of the outer irradiation sites. However,

results from the LEU core irradiation sites indicate a harder neutron spectrum. This can be

attributed to the increase in amount of U238 in the LEU fuel meat.

Uncertainties associated with the various neutron spectrum parameters were calculated

from equations presented in Appendix C.
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4.3 Neutron flux

In this section, the results of the neutron flux within the whole volume of the rabbit capsules

at the irradiation sites are presented. Each figure in this section provides and compares the

neutron flux within a particular energy range at half and full power for both the GHARR-1

HEU and LEU models. From Figure 4.1, there is a clear indication that the thermal neutron

flux at both half and full power for the HEU and LEU cores are comparable. Generally

however, the LEU thermal flux is up to 7 % higher than that of the HEU thermal flux at

the inner irradiation sites. This is solely due to the higher thermal power for the LEU core.

From Figure 4.2 and 4.3, same can be said of the epithermal aand fast energy regions with

increase in flux up to 10 % and 7 % respectively. Appendix D presents data used for the

barchart plots in this section.

Site 1 Site 2 Site 3 Site 4 Site 5
0

2

4

6

8

10

12

14

6.04 6.08 6.02 6.1 6.04
6.34 6.4 6.35 6.38 6.44

12.1 12.2 12 12.2 12.1
12.7 12.8 12.7 12.8 12.9

Irradiation site

N
eu

tr
on

flu
x

(1
011

nc
m
−

2 s−
1 )

HEU 15 KW LEU 17 KW HEU 30 KW LEU 34 KW

Figure 4.1: Thermal neutron flux at inner irradiation sites for GHARR-1 LEU and HEU
cores at Half and Full Power
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Figure 4.2: Epithermal neutron flux at inner irradiation sites for GHARR-1 LEU and HEU
cores at Half and Full Power
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From Figure 4.4, 4.5 and 4.6 it is observed that the neutron fluxes in all three energy regions

are higher for the LEU core compared to the HEU core. For the thermal and epithermal

regions, neutron flux for the LEU core was up to 15 % higher than that of the HEU core.

That for the fast energy region was up to 8 % higher for the LEU core.
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Figure 4.4: Thermal neutron flux at outer irradiation sites for GHARR-1 LEU and HEU
cores at Half and Full Power
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Figure 4.5: Epithermal neutron flux at outer irradiation sites for GHARR-1 LEU and HEU
cores at Half and Full Power
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Figure 4.6: Fast neutron flux at outer irradiation sites for GHARR-1 LEU and HEU cores
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4.4 Neutron flux distributions

This section provides a comparison between the neutron flux distribution within the

irradiation sites of the GHARR-1 HEU and LEU models. Figures 4.7 to 4.16 illustrates

neutron flux distribution at half power and full power for the inner irradiation sites.

Appendix E presents data used for the flux distribution plots in this section.

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
0

1 ·1011

2 ·1011

3 ·1011

4 ·1011

5 ·1011

6 ·1011

7 ·1011

Height (cm)

N
eu

tr
on

Fl
ux

(n
cm
−

2 s−
1 )

HEU Thermal
LEU Thermal

HEU Epithermal
LEU Epithermal

HEU Fast
LEU Fast

Figure 4.7: Comparison of LEU and HEU neutron flux distribution at Inner site 1 at Half
Power
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Figure 4.8: Comparison of LEU and HEU neutron flux distribution at Inner site 1 at Full
Power
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Figure 4.9: Comparison of LEU and HEU neutron flux distribution at Inner site 2 at Half
Power
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Figure 4.10: Comparison of LEU and HEU neutron flux distribution at Inner site 2 at Full
Power
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Figure 4.11: Comparison of LEU and HEU neutron flux distribution at Inner site 3 at Half
Power
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Figure 4.12: Comparison of LEU and HEU neutron flux distribution at Inner site 3 at Full
Power
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Figure 4.13: Comparison of LEU and HEU neutron flux distribution at Inner site 4 at Half
Power
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Figure 4.14: Comparison of LEU and HEU neutron flux distribution at Inner site 4 at Full
Power
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Figure 4.15: Comparison of LEU and HEU neutron flux distribution at Inner site 5 at Half
Power
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Figure 4.16: Comparison of LEU and HEU neutron flux distribution at Inner site 5 at Full
Power

From 4.7 to 4.16 it is observed that the thermal neutron flux shows a fairly flat distribution.

This indicates a uniformity in the thermal neutron flux distribution at the inner irradiation

sites. Also, the distribution of thermal neutron flux for the LEU and HEU cores are similar.

This shows that the conversion of the GHARR-1 core will have minimal changes in the

thermal neutron flux distribution in the inner irradiation sites. Unlike the thermal neutron

flux distribution, the epithermal neutron flux distribution steadily rises up to the fifth (5 cm

from the bottom of the rabbit capsule) segment of the rabbit capsule before dipping slowly

above the fifth segment. However just like the thermal neutron flux, the epithermal neutron

flux distribution for both the LEU and HEU cores compare well with each other. For the

fast neutron energy region, the neutron rises steadily up to the fifth segment then it begins

to level off beyond the fifth segment. Again the neutron flux distribution in this region for

LEU and HEU cores follow a similar pattern.

71



Table 4.10: Average neutron flux ranges for inner irradiation sites of LEU core at 17 KW
and 34 KW

Neutron Flux in 1011cm−2s−1

Power Thermal Epithermal Fast Thermal Epithermal Fast

Level Ratio Ratio Ratio

17 KW 6.34 - 6.44 4.89 - 5.25 3.00 - 3.23 0.98 0.93 0.93

34 KW 12.7 - 12.9 9.78 - 10.5 6.00 - 6.46 0.98 0.93 0.93

Table 4.10 gives the range of neutron fluxes in the rabbit capsules as well as the ratio of

the minimum to maximum neutron flux in each of the capsules at the inner irradiation

sites. The ratio of thermal flux indicates a high level of uniformity of thermal flux at the

inner irradiation sites (deviation below 2 %). This further confirms the observation made

from the thermal neutron flux distribution plots. This can be attributed to the location

(inside the annulus beryllium reflector) of the inner irradiation sites, resulting in high levels

of thermalization. The epithermal and fast neutron flux ratio indicate a fairly uniform

epithermal and fast neutron flux distribution (deviation below 8 %).

For the outer irradiation sites (Figures 4.17 to 4.26), the neutron flux distributions for the

thermal and fast energy regions are almost flat. This indicates uniformity of thermal and

fast neutron flux in the outer irradiation sites. In the epithermal region, there is a steady

rise neutron flux from the bottom of the rabbit capsule. Just as in the case of the inner

irradiation sites, the neutron flux distribution at the outer irradiation sites for both the LEU

and HEU cores show similar trends.

72



0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
0

1 ·1011

2 ·1011

3 ·1011

4 ·1011

5 ·1011

6 ·1011

7 ·1011

Height (cm)

N
eu

tr
on

Fl
ux

(n
cm
−

2 s−
1 )

HEU Thermal LEU Thermal
HEU Epithermal LEU Epithermal

HEU Fast LEU Fast

Figure 4.17: Comparison of LEU and HEU neutron flux distribution at Outer site 1 at Half
Power
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Figure 4.18: Comparison of LEU and HEU neutron flux distribution at Outer site 1 at Full
Power
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Figure 4.19: Comparison of LEU and HEU neutron flux distribution at Outer site 2 at Half
Power
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Figure 4.20: Comparison of LEU and HEU neutron flux distribution at Outer site 2 at Full
Power
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Figure 4.21: Comparison of LEU and HEU neutron flux distribution at Outer site 3 at Half
Power
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Figure 4.22: Comparison of LEU and HEU neutron flux distribution at Outer site 3 at Full
Power
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Figure 4.23: Comparison of LEU and HEU neutron flux distribution at Outer site 4 at Half
Power
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Figure 4.24: Comparison of LEU and HEU neutron flux distribution at Outer site 4 at Full
Power
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Figure 4.25: Comparison of LEU and HEU neutron flux distribution at Outer site 5 at Half
Power
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Figure 4.26: Comparison of LEU and HEU neutron flux distribution at Outer site 5 at Full
Power

Table 4.11 gives the range of neutron fluxes in the rabbit capsules as well as the ratio of the
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minimum to maximum neutron flux in each of the capsules at the outer irradiation sites.

Just as at the inner irradiation sites, the thermal neutron flux at the outer irradiation sites

are very stable (with deviation up to 3 %). The fast neutron flux distribution for the outer

irradiation sites also shows a high level of uniformity with deviation up to 10 %. The

epithermal neutron flux though fairly uniform shows the highest level of deviation up to

8 %.

Table 4.11: Average neutron flux ranges for outer irradiation sites of LEU core at 17 KW
and 34 KW

Neutron Flux in 1011cm−2s−1

Power Thermal Epithermal Fast Thermal Epithermal Fast

Level Ratio Ratio Ratio

17 KW 3.52 - 3.64 0.74 - 0.82 0.36 - 0.39 0.97 0.90 0.92

34 KW 7.04 - 7.28 1.48 - 1.64 0.72 - 0.78 0.97 0.90 0.92

Generally, the neutron flux distribution at the inner irradiation sites for all three neutron

energy ranges are slightly more stable as compared to the outer irradiation sites. However,

it can be said from the Figures 4.7 to 4.26 and Tables 4.10 and 4.11 that neutron flux

distribution in the volume of rabbit capsules at the GHARR-1 irradiation facility is very

uniform. Appendix E presents data used for neutron flux distribution plots in this section.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

The main objective of this research was to characterize the neutron spectrum within the

volume of rabbit capsules at irradiation sites of the GHARR-1 LEU core. Theoretical

method using the MNCP5 code were employed in determining the neutron fluxes and

neutron flux distribution at the irradiation sites. Also, the MCNP5 code was used to

determine the cadmium ratio of flux monitors based on reaction rates. Results of the

neutron flux distribution generally indicated uniformity in all three neutron spectrum

energy regions. The neutron flux distribution at the inner irradiation sites were however

determined to be more uniform (up to 2 % for thermal, 5 % for epithermal and 3 % for

fast) as compared to that of the outer irradiation sites. Also the thermal neutron flux was

observed to have the most unifrom distribution (uniformity between 96 % and 99 %).

Based on the cadmium ratios obtained, the resonance integral to thermal cross section

ratio, thermal to epithermal neutron flux ratio and the epithermal neutron shaping factor

were determined. To validate the methodology, the neutron spectrum of the GHARR-1

HEU core was also characterized. The results obtained compared very well with reults of

previous experimental work carried out on the GHARR-1 HEU core. Results of the LEU

core irradiation sites (lower absolute value of epithermal neutron shaping factor, thermal to

epithermal neutron flux ratio and an increase in thermal power to compensate for thermal

neutron flux trade off) indicate some levels of neutron spectrum hardening. Neutron

spectrum hardening is the shift of the entire neutron spectrum from lower neutron energies

towards higher energies. This results in reduction in the neutron flux in the lower energy

ranges. The minimal differences between the neutron flux levels and the neutron spectrum

parameters of HEU and LEU cores imply that converting of the Ghana MNSR will not have
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substantial effects on the characteristics of the neutron spectrum at the irradiation sites.

5.2 Recommendations

There are areas of improvement for this study. Experimental neutron spectrum

characterization can be carried out after loading of the GHARR-1 LEU core. This will

feature validate the theoretical work carried out in this study.

Burn-up studies could be incorporated into the material card of fuel elements for future

characterization work especially after the GHARR-1 LEU core has been used for a

substantial amount of time.
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APPENDICES

A MCNP Tally Cards

A.0.1 F4 Tally Card

In monte carlo (using the MCNP code) neutron flux can be determined at a point, over a

surface or in a volume. For this study the neutron flux within a volume is to be determined.

The average neutron flux in a volume, V is given by equation (5.1).

φ̄ =
1
V

∫
dE

∫
dt

∫
d3−→r Φ(−→r ,E, t) (5.1)

Φ(−→r ,E, t) is referred to as the energy dependent neutron flux (neutron spectrum).

Φ(−→r ,E, t) = νn(−→r ,E, t). n is the neutron density and ν is the neutron velocity. Thus

equation (5.1) becomes,

φ̄ =
1
V

∫
dE

∫
d3−→r

∫
dt νn(−→r ,E, t) (5.2)

The differential unit of track length, ds = νdt. Putting this into equation (5.2)

φ̄ =
1
V

∫
dE

∫
d3−→r

∫
ds n(−→r ,E, t) (5.3)

n(−→r ,E, t)ds is defined as the neutron track length density.

MCNP calculates the neutron flux in a cell as the sum of the track lengths of all neutrons

that traverse the volume of the cell. this is illustrated by equation (5.4).

φ̄ =
1
V ∑

i
Ti (5.4)

Ti is the track length of the ith neutron in the cell. Figure 5.1 illustrates eight neutron tracks

in a volume of interest.
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The error or standard deviation of the estimated neutron flux in MCNP is proportional to

the inverse of the square root of the total number of track lengths, N for a given problem(
σre f ∝ 1/

√
N
)
. This is a shortfall of the monte carlo method since small error margins is

computationally expensive (Snoj & Trkov, 2015).

Figure 5.1: Neutron track lengths in a cell

A.0.2 FM Tally Card

The FM card feature of the MCNP code is generally used to modify any flux or current tally

of the form
∫

ϕ(E)dE into C
∫

ϕ(E)Rm(E)dE. ϕ(E) is energy dependent neutron flux (in

particles/cm2), Rm(E) is an operator of additive and/or multiplicative response function or

quantity know to the MCNP code, C is a scalar constant and m is the material number

which is listed in the data card section of the input file. To determine the ration rate in

a material or nuclide using the FM card, energy dependent cross sections are used as the

response function.
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B Input deck for remodeled components

Figure 5.2: Cell cards
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Figure 5.3: Surface cards
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Figure 5.4: Material cards

C Uncertainty Analysis

Error analysis carried out in this study employed the rules of error propagation. For

errors in the cadmium ratio and neutron flux errors were calculated using the addition

and substraction as well as multiplication and addition rules. For the neutron spectrum

parameters the errors associated with each parameter as a result of of other parameters

were calculated using the equations C.5 to C.13 below F. De Corte et al., 1981. For each

of the parameters, the error associated with it was calculated as the square root of the sum

of the squares of each parameter contributing to the error in that particular parameter. The
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errors calculated using equations C.5 to C.13 are in percentage.

Zα(An) = 0.434 ·
f+Qo,n(α)

f

∣∣∣∣∣ 1α
logĒr,n−

N
∑
i

logĒr,n

N


Ui

∣∣∣∣∣ (C.5)

Where Ui is given by equation C.6.

Ui =
N

∑
i


logĒr,i−

N
∑
i

logĒr,i

N


Vi−

N
∑
i

Vi

N


 (C.6)

Where Vi is given by equation C.7.

Vi =
qo,i(α)

Qo,i(α)
logĒr,i +

0.26Cα

Qo,i(α)

(
1.67

α+0.5
−1
)

(C.7)

Zα(Qo,n) =

[
Zα(An) ·

f+Qo,n(α)

f

]
(Ēr,n)

−αQo,n

Qo,n(α)
(C.8)

Zα(Ēr,n) =

[
Zα(An) ·

f+Qo,n(α)

f

]
·
∣∣α∣∣ · qo,n(α)

Qo,n(α)
(C.9)

ZQo(α)(α) = Zf(α) =

∣∣∣∣∣ α

Qo(α)

{
qo(α)lnĒr +0.60Cα

(
1.67

α+0.5
−1
)}∣∣∣∣∣ (C.10)

86



ZQo(α) =
qo

qo(α)
·ZQo(α)(α) (C.11)

Zf(RCd,r) = 1+
Qo,r(α)

f
(C.12)

Zf(Er) =

∣∣∣∣∣α · qo(α)

Qo(α)

∣∣∣∣∣ (C.13)

Zα(An) is the error in α as a result of Activity, Zα(Qo,n) is the error in α as a result of Qo,

Zα(Ēr,n) is the error in α as a result of Ēr, ZQo(α)(α) error in Qo(α) as a result of α, ZQo(α)

is the error in Qo(α), Zf(RCd,r) error in f as a result of RCd , Zf(Er) error in f as a result of

Ēr and Zf(α) error in f as a result of α.
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D Comparism of HEU and LEU Neutron Fluxes

Table 5.1: Neutron flux at inner irradiation sites for LEU at 17 KW and HEU at 15 KW

Neutron flux in 1011ncm−2s−1

Site Thermal Epithermal Fast

1 LEU 6.34±0.0092 5.07±0.0092 3.12±0.0071

HEU 6.04±0.0060 4.62±0.0059 2.87±0.0045

2 LEU 6.40±0.0093 5.08±0.0092 3.11±0.0070

HEU 6.08±0.0060 4.62±0.0059 2.87±0.0045

3 LEU 6.35±0.0092 5.14±0.0093 3.16±0.0071

HEU 6.02±0.0060 4.66±0.0059 2.91±0.0045

4 LEU 6.38±0.0092 5.15±0.0093 3.16±0.0071

HEU 6.10±0.0061 4.65±0.0059 2.89±0.0045

5 LEU 6.44±0.0093 5.09±0.0092 3.10±0.0070

HEU 6.04±0.0060 4.66±0.0059 2.90±0.0045

Table 5.2: Neutron flux at inner irradiation sites for LEU at 34 KW and HEU at 30 KW

Neutron flux in 1012ncm−2s−1

Site Thermal Epithermal Fast

1 LEU 1.27±0.0184 1.01±0.0184 0.62±0.0141

HEU 1.21±0.00121 0.92±0.00117 0.57±0.0009

2 LEU 1.28±0.0185 1.02±0.0184 0.62±0.0141

HEU 1.22±0.00121 0.92±0.00117 0.57±0.0009

3 LEU 1.27±0.0184 1.03±0.0185 0.63±0.0142

HEU 1.2±0.0012 0.93±0.00118 0.58±0.00091

4 LEU 1.28±0.0185 1.03±0.0185 0.63±0.0142

HEU 1.22±0.00121 0.93±0.00118 0.58±0.0009

5 LEU 1.29±0.0186 1.02±0.0184 0.62±0.0141

HEU 1.21±0.00121 0.93±0.00118 0.58±0.00091
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Table 5.3: Neutron flux at outer irradiation sites for LEU at 17 KW and HEU at 15 KW

Neutron flux in 1011ncm−2s−1

Site Thermal Epithermal Fast

1 LEU 3.47±0.0078 0.75±0.0056 0.37±0.0034

HEU 3.22±0.0028 0.69±0.0016 0.34±0.0011

2 LEU 3.67±0.0116 0.8±0.0081 0.38±0.0048

HEU 3.18±0.0028 0.69±0.0016 0.34±0.0011

3 LEU 3.48±0.0076 0.76±0.0055 0.37±0.0034

HEU 3.36±0.004 0.73±0.0023 0.35±0.0015

4 LEU 3.66±0.0116 0.8±0.0082 0.38±0.0048

HEU 3.38±0.004 0.74±0.0023 0.36±0.0015

5 LEU 3.64±0.0114 0.78±0.0077 0.37±0.0045

HEU 3.37±0.004 0.73±0.0023 0.35±0.0015

Table 5.4: Neutron flux at outer irradiation sites for LEU at 34 KW and HEU at 30 KW

Neutron flux in 1011ncm−2s−1

Site Thermal Epithermal Fast

1 LEU 6.94±0.0088 1.51±0.0051 0.73±0.0035

HEU 6.45±0.0071 1.38±0.0057 0.68±0.0022

2 LEU 7.35±0.0124 1.59±0.0072 0.75±0.0048

HEU 6.36±0.0071 1.39±0.0056 0.69±0.0022

3 LEU 6.96±0.0088 1.52±0.0051 0.73±0.0035

HEU 6.71±0.0106 1.46±0.0079 0.7±0.0031

4 LEU 7.31±0.0124 1.61±0.0072 0.75±0.0047

HEU 6.75±0.0106 1.47±0.008 0.71±0.0031

5 LEU 7.29±0.0124 1.56±0.0071 0.74±0.0047

HEU 6.74±0.0104 1.46±0.008 0.7±0.0031
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E Neutron flux distribution

Column numbers 1 to 5 for each table in this section represent irradiation site numbers.

Table 5.5: Neutron flux at LEU core inner irradiation sites at 17 KW

Neutron flux in 1011ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 6.29±0.0167 6.33±0.0167 6.27±0.0166 6.34±0.0167 6.39±0.0168

2 cm 6.31±0.0167 6.37±0.0168 6.32±0.0167 6.35±0.0167 6.41±0.0169

3 cm 6.35±0.0168 6.43±0.0169 6.36±0.0168 6.39±0.0168 6.45±0.0169

4 cm 6.39±0.0168 6.44±0.0169 6.42±0.0169 6.41±0.0169 6.48±0.0170

5 cm 6.38±0.0170 6.44±0.0171 6.38±0.0170 6.41±0.0171 6.45±0.0171

6 cm 6.34±0.0278 6.42±0.0282 6.36±0.0280 6.38±0.0280 6.46±0.0282

Epithermal flux

1 2 3 4 5

1 cm 4.83±0.0166 4.87±0.0167 4.90±0.0168 4.93±0.0168 4.9±0.0168

2 cm 5.02±0.0170 4.99±0.0169 5.06±0.0171 5.07±0.017 5.01±0.0170

3 cm 5.14±0.0172 5.12±0.0172 5.19±0.0173 5.18±0.0172 5.12±0.0171

4 cm 5.15±0.0172 5.16±0.0172 5.26±0.0174 5.27±0.0174 5.19±0.0173

5 cm 5.20±0.0175 5.23±0.0175 5.29±0.0176 5.27±0.0176 5.21±0.0175

6 cm 5.16±0.0288 5.15±0.0288 5.22±0.029 5.22±0.0291 5.21±0.0290

Fast flux

1 2 3 4 5

1 cm 2.97±0.0131 2.99±0.0131 3.02±0.0132 3.02±0.0132 2.98±0.0131

2 cm 3.09±0.0134 3.07±0.0133 3.10±0.0134 3.13±0.0134 3.05±0.0132

3 cm 3.14±0.0134 3.12±0.0134 3.18±0.0135 3.18±0.0135 3.11±0.0134

4 cm 3.19±0.0136 3.18±0.0135 3.24±0.0137 3.22±0.0136 3.17±0.0135

5 cm 3.22±0.0138 3.19±0.0137 3.25±0.0138 3.24±0.0138 3.20±0.0137

6 cm 3.15±0.0228 3.18±0.0231 3.26±0.0234 3.19±0.023 3.18±0.0230
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Table 5.6: Neutron flux at LEU core outer irradiation sites at 17 KW

Neutron flux in 1011ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 3.41±0.0075 3.62±0.0011 3.42±0.0007 3.57±0.0011 3.55±0.0011

2 cm 3.45±0.0075 3.65±0.0115 3.47±0.0076 3.63±0.0114 3.63±0.0114

3 cm 3.47±0.0075 3.69±0.0115 3.5±0.0076 3.66±0.0114 3.65±0.0114

4 cm 3.49±0.0076 3.68±0.0116 3.51±0.0076 3.71±0.0115 3.68±0.0115

5 cm 3.51±0.0076 3.72±0.0115 3.5±0.0076 3.7±0.0116 3.7±0.0115

6 cm 3.51±0.0077 3.7±0.0117 3.49±0.0077 3.72±0.0117 3.71±0.0117

Epithermal flux

1 2 3 4 5

1 cm 0.71±0.0044 0.75±0.0068 0.71±0.0043 0.75±0.0067 0.73±0.0067

2 cm 0.74±0.0044 0.79±0.0067 0.75±0.0045 0.79±0.0067 0.76±0.0066

3 cm 0.76±0.0044 0.8±0.0067 0.77±0.0045 0.81±0.0067 0.78±0.0066

4 cm 0.78±0.0045 0.81±0.0068 0.78±0.0045 0.83±0.0068 0.81±0.0067

5 cm 0.77±0.0046 0.82±0.0068 0.78±0.0046 0.84±0.0069 0.83±0.0068

6 cm 0.77±0.0046 0.83±0.0069 0.77±0.0046 0.83±0.007 0.80±0.0070

Fast flux

1 2 3 4 5

1 cm 0.35±0.0030 0.36±0.0047 0.34±0.0032 0.36±0.0046 0.34±0.0044

2 cm 0.36±0.0031 0.37±0.0046 0.36±0.0031 0.37±0.0046 0.36±0.0045

3 cm 0.37±0.0031 0.38±0.0046 0.37±0.0031 0.37±0.0046 0.37±0.0045

4 cm 0.37±0.0032 0.39±0.0047 0.38±0.0032 0.39±0.0046 0.38±0.0046

5 cm 0.38±0.0032 0.39±0.0047 0.38±0.0032 0.38±0.0047 0.39±0.0046

6 cm 0.37±0.0033 0.38±0.0048 0.37±0.0033 0.38±0.0047 0.35±0.0047
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Table 5.7: Neutron flux at LEU core inner irradiation sites at 34 KW

Neutron flux in 1012ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 1.26±0.0033 1.27±0.0033 1.25±0.0033 1.27±0.0033 1.28±0.0034

2 cm 1.26±0.0033 1.27±0.0034 1.26±0.0033 1.27±0.0034 1.28±0.0034

3 cm 1.27±0.0335 1.29±0.0338 1.27±0.0336 1.28±0.0337 1.29±0.0338

4 cm 1.28±0.0337 1.29±0.0338 1.28±0.0338 1.28±0.0338 1.3±0.0339

5 cm 1.28±0.034 1.29±0.0342 1.28±0.034 1.28±0.0341 1.29±0.0342

6 cm 1.27±0.0556 1.28±0.0563 1.27±0.056 1.28±0.056 1.29±0.0564

Epithermal flux

1 2 3 4 5

1 cm 0.97±0.0341 0.97±0.0337 0.98±0.0341 0.99±0.0340 0.98±0.0340

2 cm 1.00±0.0343 1.00±0.0338 1.01±0.0341 1.01±0.0341 1.00±0.0339

3 cm 1.03±0.0344 1.02±0.0343 1.04±0.0345 1.04±0.0345 1.02±0.0343

4 cm 1.03±0.0344 1.03±0.0344 1.05±0.0348 1.05±0.0348 1.04±0.0345

5 cm 1.04±0.0349 1.05±0.0350 1.06±0.0352 1.05±0.0351 1.04±0.0349

6 cm 1.03±0.0575 1.03±0.0579 1.04±0.0581 1.04±0.0579 1.04±0.0564

Fast flux

1 2 3 4 5

1 cm 0.59±0.0266 0.60±0.0264 0.60±0.0266 0.60±0.0268 0.60±0.0267

2 cm 0.62±0.0267 0.61±0.0266 0.62±0.0267 0.63±0.0268 0.61±0.0265

3 cm 0.63±0.0269 0.62±0.0268 0.64±0.0270 0.64±0.0270 0.62±0.0267

4 cm 0.64±0.0271 0.64±0.0270 0.65±0.0273 0.64±0.0272 0.63±0.0270

5 cm 0.64±0.0275 0.64±0.0274 0.65±0.0276 0.65±0.0276 0.64±0.0274

6 cm 0.63±0.0455 0.64±0.0461 0.65±0.0469 0.64±0.0460 0.64±0.0460
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Table 5.8: Neutron flux at LEU core outer irradiation sites at 34 KW

Neutron flux in 1012ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 6.83±0.015 7.24±0.0023 6.84±0.0015 7.15±0.0023 7.11±0.0023

2 cm 6.89±0.0151 7.3±0.0229 6.94±0.0151 7.26±0.0229 7.25±0.0228

3 cm 6.95±0.0151 7.37±0.0231 7.01±0.0152 7.32±0.023 7.3±0.0229

4 cm 6.98±0.0152 7.37±0.0231 7.02±0.0153 7.42±0.0232 7.36±0.0231

5 cm 7.02±0.0154 7.44±0.0235 7±0.0154 7.4±0.0234 7.4±0.0234

6 cm 7.02±0.0256 7.4±0.0389 6.97±0.0255 7.44±0.039 7.41±0.0389

Epithermal flux

1 2 3 4 5

1 cm 1.42±0.0009 1.51±0.0013 1.42±0.0009 1.51±0.0013 1.46±0.0013

2 cm 1.48±0.0089 1.57±0.0134 1.49±0.0089 1.57±0.0134 1.52±0.0132

3 cm 1.52±0.009 1.61±0.0135 1.53±0.009 1.63±0.0136 1.56±0.0134

4 cm 1.56±0.0091 1.61±0.0136 1.57±0.0091 1.66±0.0138 1.62±0.0136

5 cm 1.55±0.0092 1.65±0.0139 1.56±0.0092 1.68±0.014 1.65±0.0139

6 cm 1.54±0.0155 1.65±0.0233 1.54±0.0152 1.65±0.0231 1.59±0.0228

Fast flux

1 2 3 4 5

1 cm 0.69±0.0006 0.72±0.0009 0.69±0.0006 0.72±0.0009 0.69±0.0009

2 cm 0.72±0.0063 0.73±0.0091 0.72±0.0063 0.74±0.0091 0.72±0.0091

3 cm 0.75±0.0064 0.76±0.0093 0.74±0.0063 0.75±0.0092 0.75±0.0092

4 cm 0.74±0.0064 0.78±0.0094 0.76±0.0064 0.78±0.0094 0.76±0.0093

5 cm 0.76±0.0065 0.78±0.0095 0.76±0.0065 0.77±0.0095 0.77±0.0095

6 cm 0.74±0.0112 0.76±0.0161 0.74±0.0111 0.76±0.0163 0.71±0.0155
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Table 5.9: Neutron flux at HEU core inner irradiation sites at 15 KW

Neutron flux in 1011ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 6.02±0.0109 6.03±0.0109 5.97±0.0109 6.04±0.0109 5.99±0.0109

2 cm 6.02±0.0109 6.08±0.011 5.99±0.0109 6.08±0.011 6.05±0.011

3 cm 6.06±0.011 6.1±0.011 6.03±0.011 6.13±0.0111 6.05±0.011

4 cm 6.07±0.011 6.09±0.011 6.05±0.011 6.13±0.0111 6.08±0.0111

5 cm 6.05±0.0111 6.1±0.0112 6.05±0.0111 6.12±0.0112 6.04±0.0111

6 cm 6.03±0.0182 6.11±0.0184 6.04±0.0182 6.1±0.0183 6.06±0.0183

Epithermal flux

1 2 3 4 5

1 cm 4.44±0.0107 4.42±0.0106 4.44±0.0107 4.45±0.0107 4.47±0.0107

2 cm 4.55±0.0108 4.55±0.0108 4.58±0.0108 4.6±0.0109 4.57±0.0108

3 cm 4.64±0.0109 4.65±0.0109 4.69±0.011 4.69±0.011 4.68±0.011

4 cm 4.7±0.011 4.7±0.011 4.76±0.011 4.73±0.011 4.75±0.011

5 cm 4.74±0.0111 4.75±0.0111 4.8±0.0112 4.78±0.0112 4.79±0.0112

6 cm 4.74±0.0185 4.75±0.0185 4.79±0.0185 4.8±0.0186 4.76±0.0185

Fast flux

1 2 3 4 5

1 cm 2.74±0.0084 2.73±0.0083 2.78±0.0084 2.76±0.0084 2.77±0.0084

2 cm 2.82±0.0085 2.81±0.0085 2.86±0.0085 2.86±0.0085 2.86±0.0086

3 cm 2.89±0.0086 2.89±0.0086 2.92±0.0086 2.91±0.0086 2.92±0.0086

4 cm 2.94±0.0087 2.95±0.0087 2.97±0.0087 2.95±0.0087 2.97±0.0087

5 cm 2.97±0.0088 2.95±0.0088 3±0.0088 2.96±0.0088 2.99±0.0088

6 cm 2.95±0.0148 2.92±0.0147 2.96±0.0148 2.97±0.0149 2.97±0.0148
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Table 5.10: Neutron flux at HEU core outer irradiation sites at 15 KW

Neutron flux in 1011ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 3.17±0.0048 3.14±0.0048 3.3±0.0073 3.31±0.0073 3.31±0.0073

2 cm 3.2±0.0048 3.17±0.0048 3.34±0.0073 3.36±0.0073 3.34±0.0073

3 cm 3.23±0.0049 3.2±0.0049 3.36±0.0074 3.39±0.0074 3.39±0.0074

4 cm 3.25±0.0049 3.2±0.0049 3.39±0.0074 3.4±0.0074 3.41±0.0074

5 cm 3.26±0.005 3.2±0.0049 3.39±0.0075 3.42±0.0075 3.4±0.0075

6 cm 3.24±0.0081 3.19±0.0081 3.41±0.0125 3.4±0.0125 3.38±0.0124

Epithermal flux

1 2 3 4 5

1 cm 0.66±0.0028 0.65±0.0028 0.68±0.0042 0.69±0.0042 0.69±0.0042

2 cm 0.68±0.0028 0.68±0.0028 0.71±0.0043 0.72±0.0043 0.72±0.0043

3 cm 0.69±0.0029 0.7±0.0029 0.74±0.0043 0.73±0.0043 0.73±0.0043

4 cm 0.71±0.0029 0.72±0.0029 0.75±0.0044 0.77±0.0044 0.75±0.0044

5 cm 0.71±0.0029 0.72±0.0029 0.76±0.0044 0.77±0.0045 0.76±0.0044

6 cm 0.71±0.0049 0.71±0.0049 0.75±0.0074 0.75±0.0074 0.75±0.0074

Fast flux

1 2 3 4 5

1 cm 0.32±0.002 0.33±0.002 0.33±0.0029 0.34±0.0029 0.33±0.0029

2 cm 0.33±0.002 0.34±0.002 0.34±0.003 0.35±0.003 0.35±0.003

3 cm 0.34±0.002 0.34±0.002 0.35±0.003 0.36±0.003 0.35±0.003

4 cm 0.35±0.0021 0.35±0.0021 0.36±0.003 0.37±0.003 0.36±0.003

5 cm 0.35±0.0021 0.35±0.0021 0.37±0.0031 0.37±0.0031 0.36±0.003

6 cm 0.34±0.0035 0.35±0.0035 0.36±0.0053 0.36±0.0053 0.35±0.0052
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Table 5.11: Neutron flux at HEU core inner irradiation sites at 30 KW

Neutron flux in 1012ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 1.2±0.00218 1.21±0.00219 1.19±0.00218 1.21±0.00219 1.2±0.00218

2 cm 1.2±0.00219 1.22±0.0022 1.2±0.00218 1.22±0.0022 1.21±0.0022

3 cm 1.21±0.0022 1.22±0.00221 1.21±0.0022 1.23±0.00221 1.21±0.0022

4 cm 1.21±0.0022 1.22±0.00221 1.21±0.0022 1.23±0.00221 1.22±0.00221

5 cm 1.21±0.00222 1.22±0.00223 1.21±0.00223 1.22±0.00224 1.21±0.00222

6 cm 1.21±0.00365 1.22±0.00369 1.21±0.00365 1.22±0.00366 1.21±0.00366

Epithermal flux

1 2 3 4 5

1 cm 0.89±0.00213 0.88±0.00213 0.89±0.00213 0.89±0.00213 0.89±0.00214

2 cm 0.91±0.00216 0.91±0.00216 0.92±0.00217 0.92±0.00217 0.91±0.00216

3 cm 0.93±0.00218 0.93±0.00218 0.94±0.00219 0.94±0.00219 0.94±0.00219

4 cm 0.94±0.00219 0.94±0.0022 0.95±0.00221 0.95±0.0022 0.95±0.00221

5 cm 0.95±0.00223 0.95±0.00223 0.96±0.00224 0.96±0.00224 0.96±0.00224

6 cm 0.95±0.0037 0.95±0.0037 0.96±0.0037 0.96±0.00371 0.95±0.00371

Fast flux

1 2 3 4 5

1 cm 0.55±0.00167 0.55±0.00167 0.56±0.00168 0.55±0.00168 0.55±0.00168

2 cm 0.56±0.0017 0.56±0.00169 0.57±0.00171 0.57±0.00171 0.57±0.00171

3 cm 0.58±0.00172 0.58±0.00172 0.58±0.00173 0.58±0.00172 0.58±0.00173

4 cm 0.59±0.00173 0.59±0.00174 0.59±0.00174 0.59±0.00174 0.59±0.00174

5 cm 0.59±0.00176 0.59±0.00175 0.6±0.00177 0.59±0.00176 0.6±0.00177

6 cm 0.59±0.00297 0.58±0.00294 0.59±0.00296 0.59±0.00298 0.59±0.00296
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Table 5.12: Neutron flux at HEU core outer irradiation sites at 30 KW

Neutron flux in 1011ncm−2s−1

Thermal flux

1 2 3 4 5

1 cm 6.34±0.0096 6.28±0.0096 6.59±0.0145 6.62±0.0145 6.61±0.0145

2 cm 6.4±0.0097 6.35±0.0097 6.69±0.0146 6.71±0.0147 6.69±0.0147

3 cm 6.47±0.0097 6.4±0.0097 6.72±0.0147 6.79±0.0148 6.77±0.0148

4 cm 6.5±0.0098 6.41±0.0097 6.78±0.0148 6.79±0.0148 6.81±0.0149

5 cm 6.52±0.0099 6.4±0.0099 6.78±0.015 6.84±0.0151 6.8±0.015

6 cm 6.49±0.0163 6.37±0.0162 6.81±0.025 6.8±0.0249 6.76±0.0248

Epithermal flux

1 2 3 4 5

1 cm 1.31±0.0056 1.31±0.0055 1.37±0.0083 1.38±0.0084 1.37±0.0084

2 cm 1.36±0.0057 1.36±0.0057 1.43±0.0085 1.44±0.0086 1.44±0.0085

3 cm 1.39±0.0057 1.4±0.0058 1.47±0.0086 1.47±0.0086 1.47±0.0086

4 cm 1.42±0.0058 1.44±0.0058 1.5±0.0087 1.53±0.0088 1.5±0.0087

5 cm 1.43±0.0059 1.44±0.0059 1.52±0.0089 1.53±0.0089 1.51±0.0089

6 cm 1.42±0.0098 1.42±0.0098 1.5±0.0147 1.51±0.0148 1.5±0.0148

Fast flux

1 2 3 4 5

1 cm 0.64±0.0039 0.65±0.004 0.67±0.0058 0.67±0.0058 0.66±0.0058

2 cm 0.67±0.004 0.67±0.004 0.69±0.0059 0.7±0.0059 0.69±0.0059

3 cm 0.68±0.0041 0.69±0.0041 0.71±0.006 0.72±0.006 0.7±0.006

4 cm 0.7±0.0041 0.7±0.0041 0.73±0.0061 0.73±0.0061 0.72±0.006

5 cm 0.7±0.0042 0.71±0.0042 0.73±0.0061 0.74±0.0062 0.72±0.0061

6 cm 0.68±0.0033 0.7±0.0033 0.72±0.0046 0.72±0.0046 0.7±0.0046
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